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Abstract
The gastropod form shows remarkable diversity both on the interspecific and 
intraspecific levels. Since the phenotypic traits of the gastropod shell are under 
genetic and environmental controls, bioinvasions yield a unique opportunity to 
investigate the impact of novel environments on a single species. The initial 
introduction o f R. venosa from the Bohai Sea, Yellow Sea, and Sea of Japan system 
of Northern Asia to the Black Sea and Mediterranean Sea systems of Europe occurred 
during the 1940s. Subsequently, R. venosa was introduced from presumably the 
European population to the Chesapeake Bay, Virginia, U.S.A. in the 1990s. This 
invasion allows for the comparison of three populations of whelks in environments 
that differ in their present day and historical ecologies.
This study examined potential ecological causes and their influences on shell 
form among and between the Korean, Black Sea, and Chesapeake Bay populations of 
the invasive gastropod, Rapana venosa, in addition to between the Rapana species. 
Variations in R. venosa’s morphometries were characterized at three levels -  within 
the native and two introduced populations, i.e. intrapopulational variation, between 
the native and two introduced populations, i.e. interpopulational variation, and 
between the three constituent species of the Rapana genus, R. venosa, R. bezoar, and 
R. rapiformis, i.e. interspecific variation. For these studies, R. venosa were collected 
from the Korean Yellow Sea, Turkish Black Sea, and American Chesapeake Bay. 
Additional specimens were obtained from the historical collection within the 
Smithsonian Institution’s Museum of Natural History. Using computer based image 
analysis techniques, characteristic measurements, such as shell length, shell width, 
spire height, aperture height, and aperture width, were made. These measurements 
were then compared using both multivariate and bivariate methods. The increased 
accuracy and precision of the large sample sizes and computer based image analysis 
techniques strengthened the results.
The Korean and Chesapeake Bay populations of Rapana venosa possessed 
reduced allometric rates in the small size fraction as compared to the larger size 
fractions; however, the Black Sea population grew with high allometric rates 
throughout its life history. Between the populations, multivariate methods ascribed 
the majority of the variance to size and allometry. The Black Sea ecosystem is 
depauperate of fauna yielding reduced feeding opportunities for the Black Sea 
population of Rapana venosa. The poor nutrition of Black Sea R. venosa is reflected 
in their reduced sizes. In contrast, fishing limits the present day size range of the 
Asian population. The large size of the Chesapeake Bay population marks a return to 
the historical, pre-fishery Asian phenotype, rather than a novel phenotype. 
Comparisons between R. venosa, R. bezoar, and R. rapiformis supported that the 
groupings had distinct morphologies, and that the whelk discovered in the 
Chesapeake Bay was of the type known as R. venosa. Further genetic testing is 
required to strengthen the conclusions that these forms are distinct species rather than 
ecomorphotypes.
MORPHOLOGICAL VARIATION OF THREE POPULATIONS OF 
THE VEINED RAPA WHELK RAPANA VENOSA, AN INVASIVE 
PREDATORY GASTROPOD SPECIES
Description of Rapana venosa
Rapana venosa, the Veined Rapa Whelk, is a large gastropod mollusc native 
to Northern Asia (Figure 1). The native range of R. venosa includes the Yellow Sea, 
Bohai Sea, and Sea of Japan (Figure 2). Its range extends from Northern China to 
Peter the Great Bay of Russia and includes Korea and Japan. Rapana venosa has 
been described as a large, heavy, fist-like shell with a low spire (Kira 1965, Dance 
1976, Yoo 1976, Wang, 1988, Wye 1991, Choe 1992). The whorls sometimes have 
three spiral ridges with tubercles. There are often fin-like spines along the shoulders. 
The opening of the umbilicus is most often slit-like, with ribbed longitudinal plates
FIG U R E  1: A specimen of Rapana venosa from the Chesapeake Bay, VA, U.S. A (Photo by J. 
Harding)
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3FIG U R E  2: The native range of Rapana venosa in Northern Asia. The range is 
represented by the coastal waters to 40m in depth within the shaded box (map from 
Cartesia software MapArt).
along the outer edge, this structure is called the fasciole. The lip of the aperture is 
thick with small folds, or “veins” along the inner margin. The operculum is thick and 
brown. The internal coloration of the aperture is reddish orange and the external 
coloration is typically a ruddy brown, but can range from white to dark brown. There 
is much variation between individuals in sculpturing and coloration.
Kira (1965) includes in his description that Rapana venosa tastes delicious. 
Common names for R. venosa in English include Thomas’s Rapa Whelk, Veined 
Rapa Whelk, Purple Shell, Rock Shell, and Top Shell. In Korean, these whelks are 
referred to regionally as Sora and Japanese they are known Aka-nishi (from label in 
Smithsonian collection). Crosse (1861) described a species, which he named Rapana 
thomasiana (Figure 3). R. thomasiana is a common junior synonym of R. venosa
4(Yoo 1976, Habe 1969). In China, a local form of R. venosa with sharply pointed, 
horn-shaped processes on the body whorl’s shoulder is called R. pachiliensis (Habe 
1969). Nordsieck described R. venosa off the Bulgarian coast of the Black Sea as 
Rapana pontica (Figure 4). Other synonymous names include Purpura venosa, 
Purpura marginata, Pyrula bezoar, Rapana bezoar Wax. (thomasiana Crosse), R. 
bezoar thomasiana, R. bezoar japonica, and Muriciformis thomasiana (Park 1991).
FIG U R E 3: Crosse’s plate of Rapana thomasiana (1861)
570.50
FIG U R E 4: Nordsieck’s plate of Rapana pontica (1982)
The taxonomic classification of Rapana venosa includes much confusion 
(Table 1). Currently the Class Gastropoda is being realigned using anatomical 
comparisons (Ponder and Lindberg 1997) which have been verified with molecular 
techniques (Harasewych et al. 1997). Previously, Rapana were classified in the 
subclass Prosobranchia and the order Neogastropoda. The new classification 
methods are moving away from the old absolute ranks. Under the new standards, 
Rapana are classified as in subclass Orthogastropoda and are in Apogastropoda and 
Caenogastropoda. Previous studies placed R. venosa in a variety of families. The 
most recent comprehensive study by Kool (1993) placed Rapana venosa in the family 
Muricidae and the sub-family Rapaninae. The study found the Rapaninae to be 
monophyletic and synonymous with the Thaididae, also called Thaidinae and 
Thaisidae. Rapaninae, being the earlier recognized subfamily name, takes priority to 
Thaididae; hence Thaididae becomes a junior synonym.
6TA BLE 1: Current classification of Rapana venosa
Class Gastropoda
Subclass Orthogastropoda
Apogastropoda
Caenogastropoda
Neogastropoda
Superfamily Muricoidea
Family Muricidae
Subfamily Rapaninae
Genus Rapana
Species venosa
Rapana venosa is frequently misidentified as another member of the Rapana 
genus, R. bezoar. Some of the early papers of R. venosa’s introduction to the Black 
Sea incorrectly identified it as R. bezoar (Drapkin 1963). Descriptions of R. bezoar 
note that it is smaller and thinner than R. venosa (Kira 1965, Dance 1976, Wye 1991). 
Rather than the reddish orange internal color of R. venosa, R. bezoar’s internal 
coloration is white or cream. R. bezoar has ornamentation of thin, plate-like 
longitudinal ridges that make it look wrinkled (Kira 1965, Okutani et al. 1998).
These plates become like fins on the shoulder, near the base, and over the fasciole. 
Rapana bezoar has a more southern distribution in Asia, from Honshu, Japan 
southwards to China and Taiwan in 9 to 20 meters of water, whereas Rapana venosa 
is found off Japan, Korea, Northern China, and Russia at depths up to 40 m of water 
(Kira 1965, Wye 1991). The radulae of R. venosa and R. bezoar are very similar 
(Rakov 1998). It is possible that R. venosa and R. bezoar are actually different 
ecomorphotypes of the same species.
In addition to R. venosa and R. bezoar, this genus Rapana also includes one 
other species, R. rapiformis, which is not easily confused with the other two forms.
R. rapiformis has a similar shape, but the shell is thinner, the internal color is pale 
brown, the umbilicus is wider and more circular, and the spire is shorter with 
separations at the sutures (Habe 1968). Within the Smithsonian Institution’s Mollusc 
Collection, the names of specimens from all three Rapana species have been revised 
numerous times and most were originally labeled as R. bezoar. Ms. Raye Germon of 
the Smithsonian Institution noted the superficial resemblance of R. venosa to extinct 
fossil species of the genus Ecphora, which once populated the Chesapeake Bay 
(Germon 1999, Wilson 1987). Other species, such as the South American 
Xanthochorus xanthostoma, are often misidentified as members of the genus Rapana.
Introduction
Evolution of the Gastropod form
Although superficially gastropods such as the Veined Rapa Whelk, Rapana 
venosa seem very divergent from their molluscan brethren, molluscs share many 
features of their architecture. Most molluscs are bilaterally symmetrical during some 
stage in their life history. Gastropods are only bilaterally symmetrical in their early 
larval stages. Gas exchange occurs across ctenidial gills in marine forms and 
circulation is via an open system, pumped with a heart. Many feed using a radula, a 
rasping toothed tongue. In most taxa, the intestine passes through, and the kidneys 
empty into, the pericardium surrounding this heart. The nervous system forms an 
anterior ring of ganglia surrounding the alimentary canal with two pairs of nerves 
leading posteriorly. A large muscular foot composes the largest part of their bodies. 
The molluscan shell, secreted by an outer dermal layer called the mantle, was an 
adaptation for protection from the environment and predators (Ruppert and Barnes 
1994).
Molluscs likely first appeared approximately 550 million years ago (Vermeij
1993). These earliest forms did not possess a shell like most modern molluscs. Two 
extant groupings, the Chaetidermomorpha and the Neomeniomorpha, have retained 
this shelless condition (Ruppert and Barnes 1994). Instead of a calcareous shell, their 
outer mantle layer is a thick cuticle with embedded calcareous spicules. This is
9believed to be the ancestral condition. The primitive monoplacophorans 
outwardly resemble the patelliform gastropods (i.e. limpets); however, internally they 
possess a modified metamerism, a pseudo-segmentation similar to the annelids, but 
each segment does not repeat all the same parts. Eight overlapping plates cover the 
polyplacophorans. The gastropods, bivalves, and scaphopods live within a calcareous 
shell. In gastropods, this shell is made up of only one plate, which is coiled. The 
bivalve and scaphopod shell consists of 2 plates, which in the scaphopods fuse into a 
cone. The most derived class, the cephalopods, exhibits a partial or total loss of shell. 
Their most primitive members, such as the chambered nautilus, have a single shell 
that superficially resembles that of a gastropod. In the squid and cuttlefish this shell 
is reduced and internalized. Octopi lack any shell.
The coiled gastropod shell can be argued to have adopted this form as a 
compromise between locomotion and protection. This is in contrast to the bivalves, 
which sacrifice the ability to move for more complete protection using the shell, or 
the cephalopods, which sacrifice the shell’s protection for the ability to move with 
agility and speed. Torsion, the 180° rotation of the visceral mass, allows the most 
sensitive body parts, the head and velum, to enter the protection of the shell first 
(Morton and Yonge 1964) and it provides more space within the shell for these parts 
when drawn inside (Linsley 1978). Post-torsional gastropods no longer possess 
bilateral symmetry and one set of each paired organ becomes reduced or is absent. 
Torsion does have inherent disadvantages. For example the anus is situated over the 
head in the torted form so the snail excretes fecal matter into the water it draws in for 
respiration. In more primitive forms, such as the slit shells, the organism counters
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this problem by having a slit in the top of the shell for the effluent flow. In all but the 
most primitive gastropod forms, the organism loses one set of each paired organ, 
including a gonad and a gill. This works to counter the sanitation problems by 
inhaling unfouled water in one side and passing it out the other side. After torsion, 
gastropods are no longer bilaterally symmetrical (Ruppert and Barnes 1994). Some 
gastropod forms exhibit shell reduction and have no gills, such as the nudibranchs, 
which exchange gases through the skin, and slugs, which possess a highly 
vascularized mantle cavity functioning as a lung (Morton and Yonge 1964). 
Taxonomy of the Gastropoda
Until recently, taxonomists divided the class Gastropoda into the subclasses 
Prosobranchia, Opisthobranchia, and Pulmonata. These groupings were based on gill 
structure. Ponder and Lindberg (1997) reassessed the phylogeny of the gastropods. 
They conducted a morphological study of 40 gastropod taxa, analyzing the foot, shell 
and shell structure, opercular, muscular, ctenidial, renopericardial, reproductive, 
digestive, sensory, and developmental parameters. The new classification system of 
Ponder and Lindberg was also supported by genetic studies, such as those of 
Harasewych et al. (1997). The new phylogeny differentiated the gastropods into two 
main groups, Eogastropoda, which is comprised of the patelliform gastropods, and the 
Orthogastropoda, which is comprised of the rest of the gastropods. The 
Vetigastropoda are the more primitive Orthogastropoda, while the more advanced 
forms are the Apogastropoda. The Apogastropoda is further broken into the 
Caenogastropoda and Heterobranchia. The Caenogastropods are the remaining
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former prosobranchs, while the heterobranchs are the former opisthobranchs and 
pulmonates.
Formation of the gastropod shell
Shell growth occurs at the opening of the shell, called the aperture. Different 
tissues of mantle are responsible for secreting the calcium for each layer into the 
extrapallial fluid, the fluid between the mantle and the shell. For instance, the edge of 
the mantle lays the periostracum (Wilbur 1964). In order for new growth to proceed, 
the mantle must cover the apertural lip to organize deposition. When there is no 
active growth, the mantle retracts and deposits shell only around the preexisting inner 
layers, thus thickening them (Vermeij 1993). Growth lines show former locations of 
the apertural lip where growth had stopped. Since the deposition of shell is a 
chemical process facilitated by a biological organism, many factors can influence its 
rate. Biological factors, such as the organism’s age, size, and health, as well as 
chemical factors, such as the environment’s chemical concentrations and, in non­
marine systems, pH, can play important roles. Shells preserve a ‘historical’ record of 
the environments in which the organism has lived (Stone 1997). Since the hard shell 
remains after the organism has died, shells become useful tools in tracing both extinct 
and extant gastropod lives as well as storing potential taxonomic information (Stone 
1997, Goodfriend 1983).
The gastropod shell typically consists of four layers (Ruppert and Barnes
1994). The outer most layer, the periostracum, is composed of quinone-tanned 
protein called conchiolin and lends rigidity (Vermeij 1993). Under this, is the
12
prismatic layer, which is composed of calcite, aragonite, or vaterite (Wilbur 1964). 
These differ in their crystalline lattice arrangement and solubilities. For instance, 
aragonite has a greater solubility than calcite (Libes 1992). Then there are the inner 
layers of two or more calcareous lamellar sheets.
The basic gastropod shell can be modeled, as described by Vermeij, as a 
spiraled cone (1993). Perhaps a better description of the shells would be that of a 
helical cone. There are several configurations of this spiraled or helical cone that 
could exist. The most simple form would be symmetrical, the left and right sides 
identical, with a planar orbit and no growth along the axis of coiling. This is an 
example of a purely spiraled form, called a planispiral curve, this architecture is not 
frequently observed in the extant gastropods, but rather the cephalopod chambered 
nautilus still use this form. In most gastropods, the shell is no longer in a single 
plane. As new growth occurs, it travels along the axis of coiling and the shell 
becomes an asymmetrical conispiral curve.
Now the parts of the cone are in place (Figure 5). The pointed top of the cone 
is the apex. Each loop of the coil is referred to as a whorl, with the last and largest 
one called the body whorl. A suture occurs where consecutive whorls fuse together. 
The columella is an internal structure running along the axis of growth where muscle 
attachment occurs. In some gastropods, this structure is open, and this is reflected 
externally by the presence of an umbilicus. Gastropods that utilize a siphon as an 
incurrent channel for respiration have a notch or siphonal canal in their shell to allow 
for the protrusion of this structure. The snail lives within the opening called the 
aperture. Of all the shell structures, the size and shape of the aperture is most
indicative of the organism that dwells within. Some forms have an additional 
structure attached to the snail’s foot called the operculum. This horny or calcareous 
plate acts as a door when the animal retreats into its shell (Hughes 1986).
spire
body
whorl
apex 
suture 
spine
siphonal notch 
axis of coiling 
umbilicus
aperture
FIG U R E  5: A labeled diagram of the shell of Rapana venosa showing common features of gastropod
shells (modified from photo by J. Harding).
Some gastropods have adapted their basic form to suit their feeding style. 
Predatory gastropods typically have a large shell interior to help them consume large 
prey (Stanley 1988). The thin yet strong, apertural lips of Busycon and Fasciolaria 
aid in chipping open bivalve shells. Some strombids have slender, curved, and
14
serrated opercula (Vermeij 1978). They can use their opercula to assist in feeding 
and protection.
Some gastropods have adapted their form to escape from predation. The post- 
torsional ability to seek refuge within the shell is one way to avoid a predator. As 
larvae, withdrawing into the shell and sealing the aperture with the operculum allows 
snails to survive passage through the guts of such predators as chaetognaths, 
medusae, and planktonic crustaceans (Morton and Yonge 1964). As adults, reaching 
a large refuge size, having sculpturing with high-relief, and a tight fitting operculum 
allows gastropods to escape death after being swallowed by a variety of predators 
(Vermeij 1978). By closing soft body parts within the protective shell sealed by the 
operculum, the gastropod can prevent the action of the predator’s digestive enzymes. 
Using this method, Barleeia, a small gastropod with an operculum, can survive 
passage through the gut of Navanax inermis, a predatory gastropod (Paine 1963).
Many minor changes to the shell can help thwart potential predators. High 
relief sculpturing increases the effective size of an organism (Vermeij 1987). These 
spines also add strength to the shell, spread stress, and potentially damage the 
predator. Possessing a thick shell with a short spire, strong sculpturing, tight coiling, 
and a reinforced apertural lip can counter breaking predators, such as crabs, fish, 
birds, and sea turtles. Simply thickening the shell discourages drilling predators. 
Spines, ribs, nodes, and grooves can also aid in camouflage (Vermeij 1978). These 
surface area-increasing structures give space for other organisms to settle. When 
encrusted with other organisms, predators have more difficulty locating the 
gastropods.
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The umbilicus is a structure not present in many gastropod forms. It has many 
inherent pros and cons. An umbilicus allows the gastropods to withdraw deeper into 
the shell while not weakening the shell (Vermeij 1978). By withdrawing deeper into 
the shell, these gastropods can thwart some predators. The umbilicus also lowers the 
shell’s center of gravity, which is advantageous in turbulent waters. There are also 
disadvantages to possessing an umbilicus. For example, the umbilicus makes 
burrowing more difficult. In burrowing, an umbilicus increases friction, by catching 
sediments within the open area and presenting a larger frontal surface area. In fact, 
most sculpturing hampers burrowing (Signor 1982). As a result, burrowing 
umbilicate snails are not common. The naticid moon snails burrow and possess an 
umbilicus (Vermeij 1978). Moon snails can burrow with an umbilicus due to an 
additional adaptation; they typically surround their shells within their foot. Typical 
burrowing adapted gastropods, such as the turritelliform snails, have high spires with 
many, unornamented whorls (Signor 1982, Stanley 1988, Vermeij 1978).
Early naturalists noted that the coiling of a gastropod closely resembled that of 
a logarithmic spiral (Figure 6) (Vermeij 1993). In a logarithmic spiral, the distance 
between subsequent rotations away from the origin increases by a constant factor.
The equation for this spiral is r = ae6cotcx, where r is the distance from the edge to the 
origin (or center), 0 is the angle between r and the horizontal axis at the origin, a is 
the constant, a  is the constant angle between r and the tangent to the curve, and e is 
the natural log base.
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FIG U R E 6: The logarithmic spiral characteristic of the gastropod form in a polar coordinate 
system (from Vermeij 1993).
Allometry
The logarithmic spiral does not adequately describe the variations in shell 
form that occur during growth (Vermeij 1993, 1980, Gould 1966a, Wilbur and Owen 
1964). Rather than keeping a consistent shape, as logarithmic growth would imply, 
shells exhibit slight changes in shape as they grow (Vermeij 1980). These changes, 
termed allometry, also occur in many other organisms from tree trunks to vertebrate 
legs (Gould 1966a) and occur in a variety of biochemical reactions in addition to 
morphological characteristics.
Area is a length squared function, whereas the corresponding volume 
increases as a cubic factor of the linear dimension. In order to support this increased 
volume the area must increase; therein allometry may arise. For instance, the strength 
of a tree trunk is based on the area of a cross section of the trunk (L ); however, the 
mass it supports is based on its volume (L ). In order to support the growing disparity 
between strength and mass, the tree trunk favors growth in girth, which affects both 
the area and the volume, over height, which only affects volume. Haldane (1956) 
points out that if an animal with thin legs, such as a gazelle, becomes extremely large, 
its legs would break unless certain shape changes occur. It could become more
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rhinoceros like, with short thick legs. Alternatively, the ‘super-gazelle’ could also 
compress its body and stretch its legs, like a giraffe.
In addition to structural reasons, the importance of allometry in gastropods 
arises in surface area to volume ratios important to physiological functions (Vermeij 
1978). Filter feeding and gas exchanging capabilities would decrease in the larger 
snails if they did not exhibit allometry, since these processes rely on the surface area 
to volume ratio. In the absence of allometric growth, locomotion and the ability to 
cling to a substrate would become less effective as the snail grew. Both moving and 
clinging depend on the cross sectional area of the muscles, whereas the mass being 
supported is dependent on the volume (Vermeij 1978, 1980). The general equation to 
describe allometry is y=bxk where y is the volumetric variable, x is the area variable, 
and both b and k are constants (Gould 1966a, Wilbur and Owen 1964; Wilbur and 
Owen use the term a  for k). The k term, called the scaling coefficient, shows the rate 
of allometry and the b term is the initial growth coefficient. For instance y increases 
faster than x when k>l, and slower when k<l. If k=l there is growth without 
changes in shape. This lack of allometry is termed isometry (Bookstein et al. 1985).
Gould (1966a) compared the size of various land snails to their corresponding 
k-values. He found that the k-term can be adaptive to size imposed problems or to a 
particular organism’s life history. In the three species investigated, he found a 
negative correlation between the snail species’ k-value and its size. He also found a 
subset of two specimens of Poecilozonites nelsoni with atypical growth patterns.
These snails had higher k-values in their early growth. Continuing growth at their 
early k-values would yield adults with cumbersomely high spires. During growth,
their k-values decreased, avoiding the disadvantageous morphology, showing another 
adaptive capability of allometry in gastropods.
The literature frequently overlooks another possible form of allometry. High 
energy environments limit the size of the denizen organisms. For instance, it has 
frequently been noted that intertidal organisms tend to be small (Denny et al. 1985). 
Much research has accounted for this with purely biological factors, such as 
competition, predation, and food limitation; however, allometry as an adaptation to 
external physical forces may also play a role. As an organism grows, the risk of 
dislodgment increases. The fluid dynamic forces of drag and lift are likely culprits 
for dislodgment (Trussell 1997). Drag and lift are both functions of a coefficient that 
generally increases with size of the organism as well as the surface area; however, 
these stresses remain proportional as an organism grows. Due to scaling differences, 
it is the combination of the drag and acceleration reaction, as described by the 
Morison equation (Equation 1), that could account for the increased dislodgment of 
larger organisms in unstable flows (Denny 1988). The Morison equation takes into 
account the density (p), velocity (u), and acceleration (a) of the fluid and the area in 
the direction of the flow (Sp), volume (V), drag coefficient (Cd) and the inertial 
coefficient (Cm) of the organism:
Equation 1 The Morison equation
Force in the direction of flow = Vi pu2SpCd + pCmVa
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As the organism grows, the strength does not keep pace with the forces against it 
(Friedland and Denny 1995). The drag term (1/ 2pu2SpCd) increases as the animal 
grows as its projected or wetted surface area, which scales as L , where L is a linear 
dimension of the animal. On the other hand, the acceleration reaction term (pCmVa) 
increases as a cubic term, since V is the volume, which is scaled as L . In order to 
counter this, the organism can seek sheltered habitats, have allometric growth that 
limits size and/or reduces drag, or increase adhesive capabilities to the substrate 
(Trussell et al. 1993).
Growth rates and variations in shell form
Changes in growth rate occur throughout a gastropod’s life. Early in life, 
snails have rapid growth rates (Vermeij 1993, Wilbur and Owen 1964). After 
reaching a peak prior to sexual maturity, growth rates slow down. Some snails 
continue to grow, albeit at a slower rate, throughout their adult lives (Hughes 1986). 
These forms, including Littorina littorea, are said to have indeterminant growth. In 
other forms, new growth stops at maturity. These forms, said to have determinate 
growth, including Nucella lapillus, still excrete shell material onto the apertural lip, 
but the lip only changes in thickness. This causes the apertural lip to flare. Strombus 
gigas, the Queen conch, undergoes determinant growth (Appeldoorn 1984). The 
appearance of the flared lip at sexual maturity has become an important aspect of the 
fishery management plans of these conchs. Legal fishable size of conchs is only 
achieved once the lip is formed, hence the slogan “no rollers.”
Variations in growth rate account for some variation between shell forms both 
intra- and interspecifically. Kemp and Bertness (1984) conducted a study showing
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that different growth rates caused differences in shape. They made two groups of 
Littorina littorea from a single population. One group was fed well and the other was 
fed poorly. Those that were fed well grew faster and had a lower spire, a large body 
whorl, and a rapid expanding aperture. Those in the poorly fed group exhibited 
slower growth with a higher spire and a smaller aperture opening. This shows that 
nutrition has impacts on growth rate. Areas with greater available food supply to the 
gastropods, likely have faster growing forms.
Different growth rates alone can be responsible for enough variation in shell 
form to confuse the classification at the species level. Vermeij (1978) cites an 
example of two species from the genus Nodilittorina, N. tuberculata and N. dilatata, 
which may actually be the same species. N. tuberculata has a high spire, small 
aperture, and closely spaced scupturing, while N. dilatata has a lower spire, larger 
aperture, and more spaced sculpturing. Vermeij believes different growth rates alone 
can account for these variations and that they constitute different morphs of one 
species. The shell lays down a growth line at former locations of the apertural lip 
when growth temporarily ceases. During periods of more rapid growth, these growth 
bands are many and further apart. Rapid growth also causes rapid expansion of the 
aperture and development of low spires (Vermeij 1993). Typically, lower growth 
rates intensify allometry. From these results, it can be inferred that if Nodilittorina 
tuberculata and N. dilatata make up a single species, N. tuberculata constitutes a 
slower growing morph and N. dilatata consitutes the faster growing morph.
Differences between gastropod shell forms occur on many scales. Frequently 
differences in shell form are used to differentiate between the gastropod species.
21
Differing shell form does not imply reproductive isolation, which is an important 
aspect of speciation (Harrison 1998). Several of Gould’s studies support arguments 
against the practice of splitting closesly related gastropods on the basis of shell form. 
For instance, his 1966 study of allometry within the genus Poecilozonites found that 
two previously described species, P. cupula and P. dalli, were likely the same species 
that grew with differing rates of allometry. P. dalli, which previously was described 
as a dwarf form of P. cupula, had a higher k-value than P. cupula. When the data for 
both forms were compared, there was a unimodal distribution, alluding to the fact that 
the previous differentiation between the species had been fairly arbitrary. One 
weakness of this study was the relatively low number of specimens used (n= 15 for 
“P. dalli” and n=12 for “P. cupula”). Another study, Gould et al. (1974) studied the 
genus Cerion. Previously, other authors split this genus into 302 species in the 
Bahamas. In the Pongo Carpet area of the Bahamas, Gould et al. (1974) found a 
population of Cerion that appeared morphologically distinct and only overlapped with 
other Cerion species to the north. Based on the precedents set by previous studies, 
this group fit the standards for classification as a new species; however, 
morphometric and biochemical genetic studies found that this new morphology was 
likely a geographic variant within the previously described northern species, Cerion 
bendalli. After making measurements of 19 different characteristics of the shells, R- 
mode analysis was performed. R-mode analysis is a multivariate method similar to 
principal component analysis. Although both forms appeared to be different, the 
variance within the populations was the same. The genetic analysis found no 
differentiation between the forms either. Canonical analysis shows that there was a
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cline towards the standard morphology from the more isolated region along a 
northward transect. The new form, which was smaller and had more heavy ribbing 
than typical Cerion bendalli, might have been a local adaptation to the rockier and 
higher energy area that it inhabits.
Phenotypic Plasticity
In cases of genetic differentiation, the DNA codes for different alleles, or 
forms of a gene (Snustad et al. 1997). When the genes are transcripted, the resulting 
proteins may vary. The phenotype is the observable set of traits an organism 
expresses, such as these proteins; however, the expressed phenotype is not just a 
result of the genetic code. The environment also plays an important role in 
developing the observable characteristics. Phenotypic plasticity is the ability for an 
organism to express differing traits under different environmental conditions 
(Pigliucci 1996). In cases of phenotypic plasticity, the genetic code is the same, 
while alleles are expressed differently.
Phenotypic variation can be summarized by Equation 2. Within this 
expression, several different situations in phenotypic variations are described. 
Canalization is the instance of phenotypic stability (Vp = 0), even with environmental 
and/or genetic variations (Stearns 1989). Genetic polymorphisms result from purely 
genetic variations (V e and V ge = 0). Phenotypic plasticity can be divided into two
Equation 2: An expression describing phenotypic variation (Vp) as a function of purely 
genetic (VG), purely environmental (VE), and interactions between the genotype and 
environment ( V g e )  (Greene 1999)
Vp = V g +  Vg + V ge
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subforms. In polyphenism, the single genotype will produce two or more distinct 
forms under varying genetic conditions (V g and V ge = 0). Reaction norms occur 
when alterations to the environment cause a cline in the phenotype (V g , V e , and V ge 
* 0).
Pigliucci (1996) describes a type of passive phenotypic plasticity that is 
frequently observed. Passive phenotypic plasticity arises when the observed 
phenotype is actually a secondary result. For instance, with temperature as the 
environmental trigger the metabolic rates and enzymatic kinetics will change. This 
will bring about differential growth rates at different temperatures. Many authors use 
differing terms in the phenotypic plasticity literature. Even the term phenotypic 
plasticity is defined differently by different authors.
Phenotypic plasticity has been observed in all the taxonomic kingdoms and its 
triggers can be either biotic or abiotic environmental cues. Inducible defenses can 
arise from cues from predators or parasites such as the kairomones, which are the 
chemical signature of a predator, and other chemical cues from the predator or 
parasite’s effluent (Dodson 1989). For predators, changes in food abundance can 
trigger a plastic response. Temperature, light, chemical concentrations, and physical 
energy are some of the abiotic environmental factors that can trigger a phenotypic 
plasticity response. The organisms in which phenotypic plasticity is observed 
typically are the ones that cannot easily escape detrimental environmental factors. 
These often include attached plants and relatively slow moving benthic organisms. 
Frequently, the best form for survival in one environment has costs that make it
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unfavorable in another (Trussell 1996). Phenotypic plasticity allows for the presence 
of certain phenotypes only where their presence is prudent.
For many years, studies focused on molecular genetics; however, these studies 
overlooked that selection was not working on the genes themselves (Sharloo 1989). 
Rather, selection works on the phenotypes, which the genotype may have a partial 
influence on. As Sharloo eloquently states, “After the Dark Ages of Electrophoresis, 
evolutionary biologists are now experiencing the Renaissance of the Phenotype 
(1989).” Recent studies have spanned a wide range of subject areas. Plants show 
remarkable phenotypic plasticity, induced by light (Schmitt and Wulff 1993), in 
addition to other environmental cues (Bradshaw 1965, Pigliucci 1996) including 
predation (Agrawal et al.1999). Clonal organisms, such as corals (Bruno and 
Edmunds 1997) and bryzoans (Cheethamet al. 1995) also exhibit phenotypic 
plasticity. Members of the cladoceran arthropod genus Daphnia have demonstrated 
plastic responses to the stressors of environmental stability (De Meester 1996), food 
concentrations and population density (Yampolsky and Scheiner 1994), the presence 
of predators (Weber and Declerck 1997, De Meester 1996, and Spitze and Sadler 
1996), and temperature (Vogel 1994). Food limitation was found to change the 
offspring’s growth rates and sexual maturation in a hermaphroditic fish (Lin and 
Dunson 1999). Turtles and alligators have even been shown to have their gender 
induced as a phenotypic response to temperature (Crews et al. 1994). Denizens of 
aquatic and marine systems have been a large focus in the recent phenotypic plasticity 
literature.
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Gastropods have been shown to exhibit phenotypic plasticity from 
environmental and predator based cues. Many gastropod species inhabit the intertidal 
zone. This area can vary greatly in many parameters including physical energy 
through small geographic ranges. The most advantageous morphology in one area 
may be detrimental a few meters away. The shells form a preservable phenotypic 
record as gastropods encounter diverse habitats. Plastic phenotypes are beneficial 
under these circumstances. Nucella lapillus is one such inhabitant of the intertidal 
zone. In exposed, high energy zones, snails grow more slowly and the size at which 
their determinant growth ceases is smaller than snails in more protected, lower energy 
zones (Etter 1989). The physical energy alone likely is not the cause of the observed 
differences. The snails from protected areas had more foraging opportunities and the 
local food supply supported more growth in the protected areas. Unfortunately,
Etter’s study did not include any transplant studies to elucidate whether the observed 
differences arose from genetic variation or phenotypic plasticity.
Martin-Mora et al. (1995) studied phenotypic plasticity in the Queen conch 
Strombus gigas. In their analysis, the authors took characteristic measurements from 
the shells such as shell length, spine lengths, aperture height and width, and spire 
height and width both before and after they had been transplanted. After 
logarithmically transforming the data, the multivariate technique of discriminant 
function analysis (DFA) was used to evaluate the convergence in forms after 
transplantion. DFA of log-transformed data investigates both the effects of size and 
shape. Conchs from windward areas were lighter with numerous short spines and 
elongated apertures. On leeward areas, where seagrass was present, shells were
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bulkier and heavier. They had fewer but longer spines and shorter apertures. Since 
the environments differ in respect to food supply, the authors believed that food 
triggered these responses. To examine the hypothesis that these changes were not 
from genetic differentiation between populations, specimens from one population 
were transplanted between the sites. The transplanted conchs took on a similar form 
to the native conchs; phenotypic plasticity was implicated for the form changes.
Trussell (1996, 1998) conducted a series of elegant studies on phenotypic 
plasticity in another intertidal gastropod species, Littorina obtusata. Within this one 
species, plasticity was ascribed to both energetic and predatory stressors. He found 
that shells from the northern portion of the Gulf of Maine were thinner, lighter, and 
weaker; however, these snails from the north had a greater body mass. When 
transplanted, the snails grew more like the morphology of the native population. 
Potential causes for these observations could be the approximately 6 °C difference 
between the northern and southern populations and the presence of Carcinus maenus, 
an introduced predatory crab. To test the role of the crab predator, snails were 
transplanted and reared with and without effluent from a crab feeding on conspecific 
snails. Snails grown with the crab predator had thicker shells, but the animal itself 
grew more slowly and with reduced tissue mass. Thus there is an energetic trade off 
between the organism’s growth and shell thickness’ growth. Hence, the thick shell is 
only present when the presence of the crab predator warrants the need for it because 
the thick shell has a higher energetic cost to secrete, limits somatic growth, and is 
more difficult to move. For this study Trussell, only measured the shell length and
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shell thickness. To test the differences between treatments he used Bonferroni 
adjusted analysis of covariance (ANCOVA) of the log base 10 transformed data.
Trussell (1997) and Trussell et al. (1993) conducted studies of phenotypic 
plasticity, not of the shell, but of the foot of Littorina obtusata. In an attempt to find 
if dislodgment forces can induce a plastic response in the foot size, Trussell measured 
the maximum projected surface area, foot size, and dislodgment force for groups of 
snails from wave-swept and protected shores. He conducted transplant experiments 
of young snails between protected and high energy areas in addition to rearing 
individuals for approximately three months in controlled flumes, some of which had 
high water velocities while the remainder had low water velocities. Snails reared in 
higher energy regimes developed a larger foot and thus could better attach to the 
substrate. This reaction was more pronounced for snails originally from protected 
areas. The shells from higher wave energy zones were also squatter and smaller, 
which would reduce the drag forces. The larger shells in protected environments 
would also protect the snails from crab predation, which is more prevalent there. By 
creating bivariate log-log graphs, the study’s measurements including various linear 
measurements, foot area, volume, and mass were compared to determine how they 
scale with each other. Most of the variables were found to be isometric, meaning that 
as the shells increased in length, the variables increased proportionally. Trussell et al. 
(1993) determined that tenacity, or force to dislodge the snail per unit foot area, 
increased as the snail grew. Tenacity tends to be related to the mucus excreted by the 
foot as opposed to the foot itself. Trussell’s 1997 study failed to reproduce these
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results, though, implying the results observed earlier were in error or the conditions 
necessary for the changes in tenacity were not replicated.
In contrast to the above examples of gastropod species utilizing different 
means of creating morphological differences, Parsons (1997) found an example of a 
species preserving its morphology. Specimens of the gastropod Bembicium vittatum 
were collected from widely separated sites. The offspring of within-site crosses were 
reared in an environment intermediate to the extremes of the collection sites.
Whereas in their native ranges the snails had similar growth rates, at the intermediate 
introduced site the snails grew at different rates. This implies that the snails had 
differing genotypes to counter the environment’s effects and produce more similar 
phenotypes.
This current study will be unable to infer if the observed phenotypic variations 
are due to phenotypic plasticity. In order to support the claim of phenotypic 
plasticity, most studies include reciprocal transplants. Either specimens are 
transplanted between environments to see if the phenotypes become more like the 
native populations or individuals are split into two groups and reared in a controlled 
environments. One of these groups is exposed to a potential inducing stressor while 
others have the same environment minus the stressor. This shows that differences 
previously observed in form were induced by environmental cues. It also reduces the 
likelihood that the observations were due to genetic differences. In the case of this 
study, these transplant studies are not a possibility. Although phenotypic plasticity 
between the Rapana venosa populations can be alluded to in this study’s results,
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particularly if combined with genetic analysis from another study, this study cannot 
determine if the differences are due to phenotypic plasticity alone.
Computer technology and morphometries
The computer revolution has not overlooked the field of morphometries.
Raup (1962, 1966) created computer based mathematical models of the gastropod 
form by defining the shell with four growth parameters. These parameters are the 
shape of the generating curve, or aperture shape (S), the position of the generating 
curve relative to the axis (D), the whorl expansion rate (W), and rate of whorl 
translation (T). By varying these parameters, most potential coiled shell shapes can 
be created in the “digital world.” Although many of these forms are represented in 
nature by forms ranging from foraminiferans to brachiopods and molluscs, other 
potential forms are not represented. This method has several weaknesses. The model 
only creates a generalized model of the shell without ornamentation. It has trouble 
describing shells where the generating curve varies from a circle or an ellipse, and the 
model also fails if an elliptical generating curve does not have and axis perpendicular 
to the coiling axis. This means the model could not be applied to shells with a 
siphonal canal. Harasewych (1981) modified Raup’s shape of the generating curve 
(S) parameter by dividing it into four subparameters that account additionally for the 
siphonal canal. Scientists are currently working at developing more complex 
modeling algorithms for morphological studies. Landmark analysis, such as Least 
Squares Theta Rho Analysis (LSTRA) and Resistant Fit Theta Rho Anlalysis 
(RFTRA), utilize procrustean approaches to superimpose models made from the 
coordinates of homologous points on multiple specimens (Chapman 1990). Like the
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giant Procrustes of ancient Greek mythology, who forced travelers to fit his bed, this 
algorithm forces the fit of the models on each other. A matrix is created of the 
vectors that the landmarks travel from their original positions to their rescaled, 
rotated, and shifted positions in the new model (Benson et al. 1982). The sum of 
squares for this matrix is minimized to create the model to best describe the overlay. 
Without the assistance of computers, these advanced study methods would not be 
possible.
Computers have advanced the field of morphometries beyond modeling 
techniques. Earlier studies had fairly low samples. For instance, many of Gould’s 
studies from the 1960s had n values less than 20. Statistical computations were 
tedious, and this likely limited the number of samples in the studies. With the rise of 
computer based statistical software, more robust statistics could be performed on the 
data in less time. Multivariate statistical techniques, such as the eigenanalyses of 
Principal Component Analysis (PCA), Discriminant Function Analysis, and 
Canonical Discriminant Analysis could be utilized. PCA characterizes the variance in 
an entire data set (Bookstein et al. 1985). Discriminant Function Analysis and 
Canonical Discriminant Analysis look for differences between the multivariate data 
sets and groups the samples. More studies have been able to utilize more advanced 
statistical techniques with higher n values because of the ease the computer revolution 
has given to these complex computations.
Even in something as basic to morphology studies as making the 
measurements, computers can eliminate subconscious human biases. Ansell et al. 
(1978) noted that caliper readings tended to cluster around particular values. These
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clusters have been mistakenly inferred to be modes as opposed to the bias that they 
represent. Using computer based measurements, such as with Image Pro Plus 
software, this human bias will be eliminated while increasing the precision and 
accuracy of the measurements.
The Non-Native Species Problem
As the computer revolution has made the world seem smaller by speeding the 
transmission of information, improvements to transportation have sped the rate that 
distances on the earth can be transversed. Frequently overlooked are the 
disadvantages that this technology has created. Improvements to the shipping 
industry have increased the number of organisms being introduced into new 
environments (Ruiz et al. 1997). These non-indigenous species can have deleterious 
effects on these new habitats.
Organisms are introduced to areas where they are not indigenous by a variety 
of means and these introductions have a variety of outcomes. According to the 
Executive Order on Invasive Species (Clinton 1999) an introduction is the escape, 
release, dissemination, or placement of a species into an ecosystem by human 
activity, either intentionally or unintentionally. Purposeful introductions include 
restocking, establishing species beyond their ranges, releasing for sport or aesthetics, 
and controlling pest species (Courtenay and Taylor 1986). Often the good intentions 
of the introduction go awry. For instance, the success of an introduction to one area 
does not equate with the same outcome of the introduction elsewhere. Tilapia has 
been introduced in many areas to supplement the fisheries without damaging the new
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habitat; however, in some areas other fish species grown with Tilapia cannot compete 
(Rosenthal 1980). This leads to the other fish, which are typically more 
commercially valuable species than Tilapia, commanding lower market prices due to 
stunted size. In Puerto Rico, containment ponds created for Tilapia also created more 
habitat for the fluke, Schistosomiasis as well as the parasite’s intermediate host.
Some common unintentional routes of introductions into marine systems include 
release from aquaculture facilities, fouling communities on ships, and ballast 
materials from ships (Ruiz et al. 1997).
In recent years, ballast water introductions have been on a rapid rise. Larger 
ships, with larger volumes of water in their hulls, have been travelling to more 
regions in less time (Ruiz et al. 1997). Cargo vessels must compensate for the 
missing mass when travelling without cargo. Filling large tanks with water at their 
point of departure for their homeport replaces the mass of the cargo. Within the 
ballast water and sediments many organisms can survive transoceanic voyages, 
including species of fish, crabs and other arthropods, and holoplanktonic and 
meroplanktonic organisms; although the number of organisms surviving the voyage is 
inversely related to the time the voyage takes (Williams et al. 1988). Dreissena 
polymorpha, the Zebra Mussel, brought much public attention to the problems of this 
pathway of introduction. This introduction has been traced to a ship purging its 
ballast water in Lake St. Clair in late 1985 or early 1986 (Bederman 1991). D. 
polymorpha clogs water intakes and outfalls, occasionally disrupting electric and 
water service. Zebra mussels have degraded local spawning grounds for 
economically important sport fish. The high fecundity of this species and lack of
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predators has allowed them to greatly expand their populations. The potential range 
of D. polymorpha includes most of the United States (Strayer 1991). In Europe, these 
mussels require habitats with high calcium concentrations. Most freshwater systems 
in Europe are hard, whereas North America has several soft water systems. It is 
possible that these systems, such as the Canadian Shield, New England, and the 
Pacific Northwest, will not support the establishment of the D. polymorpha invasion.
Toxic dinoflagellate blooms have been spread between nations when ballast 
water has been taken on during a bloom (Hutchings 1992). During the transoceanic 
voyage, the dinoflagellates sometimes enter a resistant cyst stage and become 
incorporated in the sediments in the ballast tanks (Kelly 1993). Ballast water has the 
potential for introducing pathogens for deadly human diseases, such as cholera (Ruiz 
et al. 2000). Once introduced via international shipping traffic, an invasion can 
spread within a country via domestic shipping.
A proposed solution to the ballast water problem is requiring ships to empty 
and refill their ballast tanks in the open ocean, where there are fewer species. This 
would not eliminate the introduction of non-native species, but may reduce the 
likelihood (Bederman 1991). Reballasting procedures have many inherent risks so 
strict guidelines would be hard to implement. Ballast water exchange causes 
instability both in buoyancy and the structure during the exchange (Hutchings 1992). 
Partitioning the ballast tanks into smaller units to be reballasted individually could 
minimize this instability. Current research is investigating the feasibility of other 
means of reducing ballast water risks, including filtration of the water, treatment of 
the water with biocides, and heating the water (Baskin 1996). The Nonindigenous
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Aquatic Nuisance Prevention and Control Act of 1990 instituted policies for the 
reballasting of ships 200 nautical miles from shore or in designated safe areas with 
penalties for those who do not follow these regulations (Bederman 1991). This Act 
only pertains to ships travelling into the Great Lakes.
An invasive species is an introduced species that harms its new environment 
or human health (National Invasive Species Council 2001). On an annual basis, 
invasive species cost the United States $137 billion. These negative impacts on 
aquatic communities have been classified by the American Fisheries Society as 
habitat alteration, trophic alteration, spatial alteration, gene pool deterioration, and 
disease introduction (Kohler and Courtenay 1986).
While much attention has been given to the negative results of introductions, 
this is not necessarily the case. Introductions can have positive impacts. For 
instance, most crop and livestock species are introduced (Baskin 1996, Courtenay and 
Taylor 1986). These species are typically dependent upon humans, and would fail to 
thrive in the wild.
Not all introductions even influence the new habitat. In actuality, only a small 
fraction of all introduced species become invasive. Frequently the receptor habitat is 
not suitable for the species, and the introduced species fails to thrive. For instance, 
colder winters or hotter summer may kill the adults or juveniles. Perchance the prey 
species in the new environment do not meet the nutrition needs of the introduced 
species and they are unable to reproduce. In Bermuda, many introductions occur, 
however few actually are successful (Abbott and Jensen 1968). A Mediterranean 
predatory gastropod species, Murex brandaris has been found alive in Bermudan
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waters; however, evidence of reproduction, such as eggs or larvae are not found.
There is also the chance that an important cue or intermediary in the reproduction 
process lacks in the new environment. Such was the case for pine trees in South 
Africa (Baskin 1996). For nearly two centuries the introduced pine trees stood in an 
isolated area without spreading and becoming invasive. When the American gray 
squirrel was introduced to the area, the squirrels dispersed the seeds and the pine trees 
became invasive.
There is no way to predict which species will become invasive or the effects 
of their introduction. The ability to invade is not inherent to a species, but rather 
results from the interplay between the organism and the environment (Baskin 1996). 
There is some evidence that disturbed environments are more receptive for the 
establishment of non-native species. When a non-native organism establishes itself in 
an environment in flux, it further disturbs the environment making subsequent 
invasions more likely, creating a positive feedback loop (Ruiz et al. 1997). A 
potentially overlooked effect of climate changes could include increased 
opportunities for invasions due to the perturbation of global environments.
For over 100 years, the government has attempted to make regulations to limit 
introductions. The Lacey Act of 1900 restricted the import of wild animals, except 
for when a special permit was procured. The Secretary of Agriculture was given the 
power to ban specific species declared to be harmful. The Black Bass Act of 1926 
added fish to the species limited by the Lacey Act. The Nonindigenous Aquatic 
Nuisance Prevention and Control Act of 1990 created a framework for the prevention 
and control of marine introductions.
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Following an Executive Order by President William J. Clinton in February 
1999, a National Management Plan for Invasive Species was created January 18,
2001. This management plan initiates a National Invasive Council with the heads of 
eight government offices; the Secretary of the Interior, Secretary of Agriculture, 
Secretary of Commerce, Secretary of State, Secretary of Transportation, Secretary of 
Defense, Secretary of the Treasury, and the Administrator of the Environmental 
Protection Agency. This management plan acknowledges that the best way to control 
invasive species occurs at the local, state, national, and international levels, and 
therefore recognizes management at all levels. The invasive species problem is 
broken down into smaller segments with set goals shared by multiple government 
departments and agencies. Preventing the establishment of invasive species is the 
first step of the management plan, since this represents the most cost-effective means 
against invasive species. Hence screening for potential invaders will be increased.
To prevent unintentional introductions the council will work to identify the pathways 
and species that are likely to be introduced with risk assessment programs.
Specifically for ballast water, the management plan encourages research and 
implementation for ballast water management beyond ballast water exchanges. Once 
an organism breaches the prevention methods, the management plan hopes to 
improve both early detection and response methods by increasing communication.
The detection phase will create on going surveys in areas that are believed to be 
highly susceptible to invasions. Interagency rapid response teams are being formed, 
combining management and scientists, to handle newly detected invasions. In 
addition these groups will develop and test methods for the appropriateness to a
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situation. Should an invasive species become established, control and management 
practices are necessitated. These means include physical barriers to spread, local 
removal, chemical and biological control, and interfering with reproduction. 
Information on effective means of controls for specific invaders will be disseminated 
between invaded areas, including those overseas. The Invasive Species Control 
Management Plan also will support research for many additional aspects of invasions, 
such as predicting those species that are likely invaders and understanding “lag 
periods” between the introduction and population explosion of invaders. Information 
management is also intrinsic to this management plan. Already information on all 
aspects of invasions is being disseminated on the National Invasive Species Council 
web site, www.invasivespecies.com. The final segment of this management plans 
implements means of raising public awareness and education on the role the public 
can play in invasive species. This invasive species management plan will improve 
previous methods by uniting Federal agencies with others to deal with the problem on 
a coordinated nationwide, all organism basis, as opposed to the individual location 
and species management plans previously.
Even with intense scrutiny, the results of the introduction may not match the 
expected outcome of the introduction (Courtenay and Taylor 1986). In the new 
habitat, the organism may not survive, but if it does, it may have unpredicted 
unwelcome side effects. These unexpected outcomes can be summarized into four 
main groupings (Rosenthal 1980). The organism can fail to thrive at the levels found 
in the native range with retarded growth and development, because the organism is 
adapted for the conditions in the native range and the new environment differs.
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Should the new environment support the organism satisfactorily, the introduced 
population size may increase drastically, out-competing the native species, possibly 
leading to the native organism’s local extinction. Pests, disease, and parasites may be 
accidentally introduced along with the organism targeted for introduction. These 
‘hitchhikers’ can degrade the environment or harm the resident species. The 
introduced species may also have habits that are destructive to other economically 
important organisms.
Oysters are a common species for intentional introduction. Frequently these 
introductions have come with unexpected results. In 1966, Crassostrea gigas from 
Japan was introduced to France to supplement the oyster fishery (Andrews 1980). 
Later that year, the local oyster species, C. angulata started showing signs of disease, 
so further imports of C. gigas were banned. By the 1970s, the Japanese oysters had 
to be reintroduced because of the continued degradation of the local species due to the 
disease and now C. gigas has replaced the native oysters. In Brittany, a similar 
circumstance occurred when a disease started affecting local oysters near where C. 
gigas were being held. This disease was caused by a protozoan parasite, Marteilia 
refingens. It is this disease resistance in addition to C. gigas’ fast growth that caused 
alarm when introductions were planned for New England. Some scientists feared that 
the Pacific Oyster would spread to the Chesapeake and Delaware Bays and 
outcompete C. virginica. The impending demise of the Chesapeake’s native oyster 
fishery due to disease has caused increased interest of introducing the disease 
resistant C. gigas to the Chesapeake Bay to sustain the fishery (Mann et al. 1991).
The spread of one of these diseases, Dermo, caused by the parasitie Perkinsus
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marinus, has been tracked to oyster transplants (Ford 1992). Evidence also supports 
that potential human pathogens, such as the bacterium Vibrio can be introduced along 
with oysters (Hackey et al. 1992). Larger organisms can be introduced with oyster 
seed. Transplants of the Eastern Oyster, Crassostrea virginica, brought the 
gastropods Urosalpinx cinerea and Crepidula fom icata  to the English coast. Both 
unintentionally introduced species underwent explosive population growth in 
England. A parasitic copepod that attacks both oysters and mussels, Mytilicola 
orientalis, was introduced to France with C. gigas seed. Prior to the dominance of 
ballast water introductions in the latter portions of the twentieth century, introductions 
associated with a purposeful introduction constituted a primary means of spreading 
non-native species.
The San Francisco Bay makes a good case study environment for introduced 
species. Exotic species dominate the San Francisco Bay in number and in population 
density, making it one of the most invaded estuaries (Cohen and Carlton 1998).
Cohen and Carlton identified 234 exotic species and 125 cryptogenic species, which 
are species that are difficult to determine their native or non-native status. These 
exotic species constitute up to 99% of the biomass, 97% of the organisms, and 
frequently the majority, between 40 to 100%, of the common species. Many factors 
account for its highly invaded status. San Francisco Bay is a major hub for many 
vectors of introductions; it is a large shipping port with numerous aquaculture 
facilities and there are stocked recreational fishing facilities in addition to the 
presence of introduced ornamental species. Prior to the introductions, the Bay 
ecosystem had few native species in part because of the younger age and greater
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isolation of West Coast estuaries as compared to those of the East Coast. The low 
species diversity of the San Francisco Bay estuary made it easier for the non-native 
species to become established. Anthropogenic influences have already disturbed this 
ecosystem, further facilitating the exotic species’ establishment. The later half of this 
century has shown an increase in the rate of introductions. Busycotypus caniculatus, 
the channeled whelk, is a native species on the East Coast of the United States. This 
species was introduced into the San Francisco Bay system presumably around 1948 
(Stohler 1962). By 1958 B. canaliculatus had become established, with individuals 
of the same maximum size as found in their native range and the collection of 
channeled whelk egg cases. As an interesting note, Stohler (1962) welcomed the 
introduction of Busycotypus canaliculatus as a specimen for local school children to 
dissect because this was the first, large, shallow-water gastropod species to be found 
in the Bay.
Rapana venosa, an invasive gastropod
Rapana venosa, the Veined Rapa Whelk, is an interesting case study in 
invasion biology. Originally from the Yellow Sea, Bohai Sea, and Sea of Japan in 
Northern Asia, Rapana venosa was introduced into the Black Sea during the 1940s. 
Oyster transplants are the likely mediator of this invasion. Subsequent range 
expansion has spread R. venosa around the Black Sea, Aegean Sea, Adriatic Sea, and 
the Mediterranean Sea to Venice, Italy. During the summer of 1998, the VIMS 
Juvenile Finfish Trawl Survey found a R. venosa in the Chesapeake Bay. Since then 
Rapa Whelks have been found in the lower Bay, below the Rappahannock River and 
concentrated around the shipyards.
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Many of Rapana venosa’s traits would assist in the invasive lifestyle. R. 
venosa is a generalist in several physiological regards, which is advantageous in 
adjusting to novel habitats. Euryhaline and eurythermal tendencies allow R. venosa 
to survive in a variety of environments. In the Black Sea, adults move and feed 
normally at salinities as low as 9 PSU. At 6 PSU adults no longer feed, but can move 
normally (Chukhchin 1984). Larvae survived at salinities as low as 12 PSU. In the 
Chesapeake Bay, larvae were shown to survive in salinities as low as 7 PSU; 
however, survival was greater at higher salinities (Mann and Harding 2000). The 
Asian population is exposed to temperatures averaging between 3 and 27°C (Chung et 
al. 1993), and possibly as high as 35°C at the believed southern-most extent of their 
distribution (Mann and Harding 2000). R. venosa is also a generalist predator of 
bivalves and, in the laboratory, fed opportunistically on dead fish and crabs 
(Chukhchin 1984). In Korea, it feeds on members of the bivalve genera Mytilus, 
Crassostrea, Meretrix, Saxidomus, and Mactra (Yoo 1976). Black Sea specimens fed 
on Mytilus, Ostrea, Tapes, Venus, Pecten, Gouldia, Pitar and Cardium, showing a 
preference for the thin-shelled Mytilus (Chukhchin 1984 and Zolotarev 1996).
Rapana venosa has high concentrations of hemocyanin and protein in its hemolymph. 
These high oxygen binding pigment concentrations allow R. venosa to survive in 
hypoxic environments. Korean and Black Sea populations have been shown to have 
high fecundities. Chung et al. (1993) found fecundities of 320,000 to 450,000 eggs 
per female during a reproductive season in Korea. After hatching, planktotrophic 
larvae are released. In the laboratory, these young remained in the water collumn 
between 20 and 100 days prior to settling and completing metamorphosis to
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adulthood (J. Harding unpublished data). During this planktonic stage, R. venosa can 
be spread their range or be passively transported. Many whelks, such as the 
Channeled Whelk Busy con canaliculatum of the Chesapeake Bay, lack this 
dispersive stage, and undergo metamorphosis prior to hatching (Lima and Lutz 1990). 
The above characteristics would allow R. venosa to become established and spread in 
a wide range of environments.
Rapana venosa currently occurs in many diverse environments. This study 
focuses on the populations found off the coast of Korea in the Yellow Sea and Korean 
Strait, Turkey in the Black Sea, and Hampton Roads, Virginia in the Chesapeake Bay. 
Not incorporated in this study was the population recently found in Uruguay 
(Pastorino et al. 2000). Additionally, R. venosa has been reported in the North Sea 
off Dogger Bank, UK and Brittany, France, although these were only isolated reports 
(Mann and Harding 2000).
The native range of Rapana venosa includes the areas of the Bohai Sea, Sea of 
Japan, Yellow Sea, and Korean Strait. For this study, whelks were collected from the 
Yellow Sea coastal region of Korea. This body of water is closely connected with the 
Pacific Ocean (Knauss 1997). As mantle material upwelled, breaking and faulting of 
the continental crust created the interior seas of the Yellow and Bohai Seas (Yu 
1989). This occurred nearly 2 million years ago at the boundary of the Pleistocene 
and Pliocene epochs. The Korean coastline of the Yellow Sea lies quite far from the 
nearest amphidromic point creating extreme tidal ranges as much as 9 m 
(Oceanographic Atlas of Korea 2000). During low tides, exposed tidal flats can 
stretch more than a kilometer from shore. The Korean mainland is 70% mountainous,
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and these mountains meet the sea without typical coastal plains. Offshore are 
numerous islands that are mountain peaks jutting out of the ocean.
The past century has seen rapid population growth along the Korean 
peninsula. To support the burgeoning population boom, Koreans conducted land 
reclamation projects. Massive seawalls were constructed between the offshore 
islands to extend the useable dry land. Rapana venosa supports a large fishery in 
Korea. The whelks are easily found in fishmarkets, particularly on the east and south 
coasts (personal observation). The fishery is open all year and there are no 
limitations. There are several other large predatory gastropods in the area; however, 
natural predators are not easily identifiable. Even in its native range, R. venosa has 
been noted as a nuisance near bivalve aquaculture facilities (Yoo 1976).
During the last ice age, the Black Sea was not a sea, but a freshwater lake 
(Knauss 1997). As sea level rose 5,000 to 7,000 years ago, the Bosphorus Straits 
opened, connecting the Black Sea to the Mediterranean Sea. This connection, 
however, remained quite narrow. The strait is 30 km long, less than a kilometer wide 
in some sections, and very shallow, with an average depth of 60 m and a sill of 32 m 
on the Mediterranean side. This results in the long residence time of the Black Sea 
waters of 400 years. At a depth ranging between 80 and 200 m, the deep waters of 
the Black Sea are anoxic. Across the Bosphorus Strait, the Mediterranean Sea has 
experienced quite a different history. High evaporation rates created supersaline 
waters averaging 38 PSU. The Black Sea averages approximately 18 PSU. This 
salinity gradient serves as a barrier for most organisms between the two bodies of 
water (Leppakoski 1991), leaving the Black Sea fairly depauperate of fauna. Prior to
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the introduction of Rapana venosa, the only large gastropods were Thericium 
vulgatum and Turritella communis, which attain a shell length of 50 to 60 mm, but 
dwell in fairly deep waters. In shallower waters dwells Nassarius reticulatus, which 
only attains a shell length of 32 mm (Smagowicz 1989). The low species diversity 
and high anthropogenic stresses on the Black Sea’s ecosystem make it susceptible to 
invasions.
Rapana venosa took advantage of these unstable conditions and began its 
invasion of the Black Sea system in the 1940s. Novorossiysky Bay, Russia on the 
Black Sea was the site of the first report of the Veined Rapa Whelk outside of Asia in 
1947 (Chukhchin 1984, Zolotarev 1996). Transplanted oyster seed (Mann and 
Harding 2000, Ruppert and Barnes 1994, Wye 1991, Smagowicz 1989) or ballast 
water (Zolotarev 1996, Chukhchin 1984) is believed to have facilitated this 
introduction. By 1959 the range of R. venosa included the region of Trabzon, Turkey 
(Chukhchin 1984). Veined Rapa Whelks now live around the entire coast of the 
Black Sea with the exception of the northwestern section. Chukchin (1984) 
postulates the low salinity in the northwestern Black Sea for preventing the 
establishment there. In the late 1960s or early 1970s, Rapana venosa spread through 
the Bosphorus Straits. After the whelks breached across the Bosphorus Straits into the 
Mediterranean Sea, researchers believed they had found a new species, which they 
named Rapana pontica (Nordseick 1982); however, later it was determined that this 
species was R. venosa (Rakov 1998). Currently, R. venosa lives throughout much of 
the Black Sea, Aegean Sea, Adriatic Sea, and Mediterranean Sea to Venice, Italy.
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Population densities of the Veined Rapa Whelk can be quite high. A 15 minute trawl 
caught 1,500 whelks off the Bulgarian shelf (Zolotorov 1995).
The introduction of Rapana venosa to the Black Sea system brought the first 
large predatory gastropod capable of consuming the bivalve fauna (Chukhchin 1984). 
Rapana venosa altered the molluscan fauna of this region. Prior to R. venosa's 
introduction, Ostrea taurica, Mytilus galloprovincialis, Pecten ponticus, and Modiola 
adriatica populated the Gudaytskii oyster bank. By 1958, this community had shifted 
to being dominated by a smaller species, Gouldia minima, after R. venosa consumed 
the large molluscs. Within the Black Sea system, Rapana venosa supports a small 
fishery (Leppakoski 1991). Rapa whelk shell earrings, key rings, and candleholders 
are sold as souvenirs in Romania.
Like the Black Sea, the Chesapeake Bay was created during the thaw of the 
last ice age (Oertel and Foyle 1995). As sea level rose, the Susquehanna River 
flooded, creating the Chesapeake Bay. Unlike the Black Sea, the Chesapeake Bay is 
not as isolated from other bodies of water. It has a wide mouth connecting the Bay to 
the Atlantic Ocean and has a residence time of 1.16 years (Duxbury and Duxbury 
1994). The depth of the Chesapeake Bay ranges from 5 to 20 m, with an average of 
6.5 m, and there is gradation in salinity from full strength sea water at the mouth to 
fresh water in the extreme north. The Bay has large anthropogenic influences with 
several large urban areas along the coasts, including the large shipping ports of 
Hampton Roads, Annapolis, and Baltimore. The Chesapeake supports fisheries for a 
variety of species, including the bivalves Crassostrea virginica and Mercenaria 
mercenaria. The stocks of both species have been degraded due to overfishing,
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environmental degradation, and diseases such as Dermo from Perkinsus marinus and 
MSX from Haplosporidium nelsoni in C. virginica and Quohog Parasite Unknown 
(QPX) in M. mercenaria. Even before the introduction of Rapana venosa to the 
Chesapeake Bay, the Bay supported several large species of predatory gastropods, the 
Knobbed Whelk, Busycon carica, the Lightning Whelk, Busycon contrarium, and the 
Channeled Whelk, Busycotypus canaliculatus. These native whelks typically occupy 
only the mouth of the Chesapeake Bay and out onto the continental shelf. Oyster 
drills, Urosalpinx cinera, a smaller predatory gastropod, may compete with Rapana 
venosa; however, the drills are still attempting to recover the range they occupied 
prior to Tropical Storm Agnes in 1972.
Rapana venosa likely joined the fauna of the Chesapeake Bay during the 
1990s, with the first specimens being found during the summer of 1998 (Mann and 
Harding 2000). These individuals were of a large size, implying R. venosa's presence 
in the Bay for several years prior to their discovery. Veined Rapa Whelks have been 
found as far north as the mouth of the Rappahannock River, but the population 
appears to be concentrated around the mouth of the James River. The thermal regime 
occupied by R. venosa in it’s native range imply the potential spread of these whelks 
between Cape Cod, Massachusetts and Cape Hatteras, North Carolina, possibly as far 
south as Charleston, South Carolina; although no Rapa Whelks have been reported 
outside of the southern portions of the Chesapeake Bay. Ironically, Crosse (1861) 
named Rapana thomasiana, later found synonymous with R. venosa, for an under­
commissioner in the French admiralty serving onboard a ship named the Virginia.
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Study Objectives
The principle objective of this study is to characterize morphological variation 
of Rapana venosa, the Veined Rapa Whelk, on three different scales. The first null- 
hypothesis investigates intrapopulational variation in the Korean, Turkish, and 
Chesapeake populations of Rapana venosa. The second null hypothesis investigates 
interpopulational variation amongst the Korean, Turkish, and Chesapeake populations 
of R. venosa. The third null hypothesis investigates interspecific variation between R 
venosa, R. bezoar, and R. rapiformis. This study examines the role that the 
environment plays on the shell form of Rapana venosa. Inferences will be made 
based on the shell form about the potential ecological impacts of the Chesapeake 
population of R. venosa. Additionally, this study will attempt to clarify the of the 
morphologies of the Rapana species.
1. Ho = There is no variation within a population of Rapana venosa
2. Ho = There is no variation between populations the Korean, Turkish, and 
Chesapeake populations of Rapana venosa
3. Ho = There is no variation between specimens of Rapana venosa, R. 
bezoar, and R. rapiformis
Materials and Methods
Field Sampling:
Specimens were collected from the three populations of Rapana venosa. 
Representatives of the native population of Northern Asia were collected around the 
Korean Yellow Sea coast during the summer of 1999 (Figure 7B). Samples were 
purchased from fish markets in addition to using traditional Korean R. venosa fish 
potting techniques and SCUBA divers in the field. Specimens from the established 
introduced population of the Black Sea were collected from the northern coast of 
Turkey in November 1999 (Figure 1C). These samples were gathered by SCUBA 
divers. The introduced Chesapeake Bay population has been sampled on an ongoing 
basis since Rapana venosa was first found in the Bay during the summer of 1998 
(Figure 7 A). The majority of the specimens came as bycatch from the crab and hard 
clam fisheries, for which a bounty system was established as an incentive for their 
collection. The equipment used in the crab and clam fisheries is size selective; 
however, how this size selection will influence the Rapana venosa catch is unknown.
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FIG U R E 7: Sampling locations for Rapana venosa. ‘A ’- the location where the majority of R. venosa 
from the Chesapeake Bay, U.S.A were collected (image created by J. Harding). ‘B ’- Sample sites in 
South Korea, where R. venosa is indigenous. ‘C ’- The Black Sea sampling site near Trabzon, Turkey, 
(the world map, and insets ‘B ’ and ‘C ’ are from MapArt from Cartesia Software)
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Image capture:
Digital images were made of a subset of the total collection of Rapana venosa 
from the three populations; Korea, the Black Sea and the Chesapeake Bay. For the 
Korean and Black Sea populations, only those specimens that had significant damage 
that obscured the shell’s outline (missing spire, chipped aperture, etc.) were 
eliminated from the sample. A random sample of the Chesapeake shell collections 
was made. The entire collection of Chesapeake shells was sorted by size into tiers 
that represented a range of 10 mm in shell length. Each tier was subsampled using 
random
numbers, generated using Minitab. This made certain that shells incorporating the 
range of sizes in the collection were represented in the subsample.
Two digital images were made for each shell using a Hitachi camera attached 
to a personal computer running Image Pro Plus software. The camera was mounted 
on a moveable stage. For scale, a metric ruler was placed beside each specimen in the 
image. To limit distortion due to parallax, the ruler was placed at the same level that 
the measurements would be taken at on the shell. The first image recorded the 
aperture of the shell (called the aperture view image). For this image, the columella 
was perpendicular to the camera’s view. The second image examined the apex of 
shell’s spire (called the spire view image). For this image, the columella was parallel 
to the camera’s view. The shells’ positions were temporarily fixed for photography 
using filter floss. Images were saved as TIFF files. Obstructive fouling by other 
organisms was cleansed from shells prior to image capture. Weights of each shell 
were also recorded.
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Additional shells were examined from the collection of the National Museum 
of Natural History, Smithsonian Institution in Washington, DC. The catalogued 
information from the samples was recorded along with the weight. Images were 
captured using a Nikon D1 digital camera and then modified in Adobe Photoshop to 
correct for lighting, and converted to TIFF files 
Image analysis:
Using the Image Pro Plus software, measurements were made from each of the 
Rapana venosa images and entered manually into an Excel spreadsheet. These 
measurements are described below and marked on Figure 8:
Pixels per 10 mm -  For each image of a specimen, this value is a conversion factor 
from pixels to millimeters. It is the number of pixels in one centimeter.
Measurements from the Aperture View Image
Shell length -  The line from the apex of the spire to the end of the siphonal canal
Spire height -  The line from the shoulder of the spire to the apex of the spire. It 
should fall along the line of the shell length.
Shell width -  The widest part of the shell. It should be perpendicular to the shell 
length, starting just below the shoulder of the aperture crossing the shell at 
approximately the height of the second row of spines.
Aperture height -  The line from the inside of the suture of the aperture to the body 
whorl near the shoulder to the top of the siphonal portion of the shell. This line is not 
necessarily parallel to the shell length.
Aperture width -  The line from the columella where the suture of the umbilicus and 
the aperture meet to the widest section of the aperture. This line should be 
approximately perpendicular to that of the aperture height.
Spire slant -  The line from the shoulder just previous to the body whorl on the side 
of the aperture to the apex of the spire.
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FIGURE 8: Aperture (top) and spire (bottom) images from a Korean specimen of Rapana venosa 
with the study measurements marked.
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Measurements from the Spire View Image
Spire length -  The chord that passes through the apex of the spire that is parallel to 
the apertural side of the shell.
Spire width -  The chord, perpendicular to that of the spire length, which passes from 
the aperture side of the shell to the furthest side from the aperture.
Whorl lengths -  The lines along the spire length line from the apex to the first 
whorl’s shoulder and then the distances from the first whorl’s shoulder to the second 
whorl’s shoulder and so on. These measures are referred to as Whorl LI, Whorl L2, 
Whorl L3, ... Whorl Ln, with Whorl LI as the apex to first shoulder, and subsequent 
values and Whorl Ln as the final whorl.
Within the Excel spreadsheet, each measurement is converted from units of pixels 
(the default units of Image Pro Plus) to mm. Each measurement is divided by the 
value found for pixels per 10 mm and then multiplied by 10 to convert to millimeters.
A formula was also entered into the spreadsheet to determine a whorl expansion rate 
for each spire image using the whorl lengths. The formula, where n is the number of 
whorls not including the body whorl, for whorl expansion rate is given in Equation 3.
To reduce rounding error, only the final values, after conversions and calculations, 
were rounded.
Equation 3: Determination of the Raupian parameter of Whorl Expansion rate
Whorl Expansion Rate = [(Whorl Length 2/Whorl Length 1) + (Whorl Length 3/Whorl 
Length 2)...+(W horl Length n/Whorl Length n-1)] / (n-1)
Bivariate statistical calculations
Allometric techniques, as discussed earlier in the literature review, can be 
used to study the influence of size on shape. Shell length serves as a proxy for a 
measurement of allometry. Bivariate plots are made for each measurement compared
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to the shell length using Excel. In studies of allometry, log transformed data is 
typically used since it formats the regression into the expression of allometry, y=bx\ 
where k is the allometric rate and b is the initial growth coefficient. The slope of the 
log transformed regression is k and the y-intercept is b. Therefore, the slope of the 
log-transformed regression describes the changes that occur with growth. For 
instance, allometric rates (e.g. log transformed regression slopes) greater than one 
indicate that the measurement of the dependent characteristic increases more rapidly 
with growth than the independent character. The independent characteristic in this 
study is shell length. Slopes less than one indicate that the rate of the dependent 
characteristic growth decreases with respect to the independent characteristic. When 
the slope equals one there is no change in shape with growth. This lack of allometry 
is termed isometry. In instances where there are scaling differences between the 
characters, such as shell length (L1) and shell mass (L3), isometry occurs at the ratio 
of the exponents, which in this instance would be 3.
Regressions were performed using the reduced major axis method (RMA) 
separately for each population on natural log transformed data. Ordinary least 
squares methods of regression only are appropriate when the data meet the 
assumptions for Model I regressions (Sokal and Rohlf 1981). The data in this study 
do not meet all these assumptions; in particular, the data fail to meet the assumption 
that the independent variable (X) is measured without error. The RMA method is 
recommended for such Model II morphological studies because error is accounted for 
on both the x and y axis (Imbrie 1956). In particular, Gould recommends the use of 
RMA in allometric studies (1966b). There is no scale shift depending on the units
55
used, as major axis regressions tend to have. The reduced major axis regression, also 
known as the geometric mean regression and the standard major axis regression, has 
fewer biases and is more efficient than other regression methods (McArdle 1988).
The reduced major axis regression also corresponds with Principal Component 
Analysis (Rayner 1985). The slope in a reduced major axis regression is set to the 
standard deviation of the y-axis divided by the standard deviation of the x axis and 
the line is set on the point that corresponds to the average x-value and average y- 
value. Analysis of Covariance (ANCOVA) may not be suitable to test for significant 
differences in this study. ANCOVA utilizes the same assumptions as Model I, and, 
as of yet, there is no similar manipulation for Model II systems (Sokal and Rohlf 
1981); however, in cases where correlation coefficients are high, Model II systems do 
resemble Model I systems. Significant differences between the regression will be 
determined using two different methods, and possibly ANCOVA, should correlation 
coefficients be high.
Following the methods set forth in Imbrie (1956), several characterizations of 
the data were made. Prior to tests of significance between the regression lines, 
averages of x variable (x-bar), averages of the y variables (y-bar), the standard 
deviations of x and of y (sx and sy), and the correlation coefficient (r) were calculated. 
The slope of the regression is calculated a = sy/sx, while b, the x-intercept, is the 
initial growth index, (b = y-bar - x-bar(a)). From these values, other coefficients, 
such as the standard error of the slope (a a, Equation 4), are calculated.
Equation 4: The equation for the standard error of the slope, where a is the slope of the regression, r 
is the correlation coefficient, and N is the number of samples.
oa = a[(l-r2)/N] l/2
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Testing to determine if two regression equations differ significantly is 
achieved by calculating a z-score between the slopes of the regressions (Equation 5). 
This z-score can be checked on standard tables of z-scores for the significance.
Equation 5: The equation for the z-score to compare slopes of reduced major axis regressions. at 
and a2 are the slopes for sample 1 and sample 2 respectively and crai and (7a2 are the standard errors 
of the slope for sample land sample 2 respectively. The z-score is the absolute value of the 
equation.
z = (a 1-a 2)/(Oai2+  Oa22) 112
McArdle (1988) suggests using Clarke’s (1980) T-test that approximates 
Student’s t-test to compare the slope to a fixed value (Equation 6). Equation 7 
calculates the degrees of freedom of the relationship. This method will be utilized to 
determine if the RMA slopes differ significantly from one, demonstrating the 
existence of allometry as opposed to isometry. For the shell mass regression, the 
value of 3 is tested for isometry due to scaling differences.
Equation 6: T-test to determine the significance of departures from isometry, where a is the slope 
of the regression, (3 is the value to be tested for a departure from (for this study, typically 1), r is 
the correlation coefficient, and N is the number of specimens.
T = abs(log a -  log P) / [(1 -  ^ / ( N  -  2)]1/2
Equation 7: The equation for the degrees of freedom to test for significant departures from 
isometry (Equation 9)
Degrees of freedom = 2 + [(N -  2) / (1 + 0.5r2)]
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In most studies, alpha (a) levels are set to a probability (P) 0.05, or 95% 
confidence. For the T-test for significant departures from isometry, 0.05 is the alpha 
level used. When there are multiple comparisons; however, a more stringent alpha 
level is necessary to reduce the chances of making a type-I error, or incorrectly 
rejecting the null hypothesis (Rice 1989). Traditionally, the Bonferroni technique is 
used, but this method of dividing a  by the number of comparisons (k) is frequently 
too conservative. To rectify the conservative nature of the Bonferroni technique, the 
sequential Bonferroni technique was created (Rice 1989). This technique starts with 
a ranking of the P values from the smallest to greatest. For the smallest P value, the 
traditional Bonferroni adjustment is used (a/k). Should the smallest P be found 
significant, the second smallest P value (P2) is tested to determine if P2 < oJ (k-1).
This continues until Pj < a /  (1 + k-i). If a test is found insignificant, the remaining P 
values are determined to be insignificant, and no further tests are attempted.
Multivariate Statistical Methods
Principal Components Analysis (PCA) characterizes the variance within the 
entire data set. PCA, a basic method of ordination, recombines variables, using 
eigenvectors, to characterize more variance than any of the original variables 
described alone (Bookstein et al. 1985). This method yields quite elegant results. For 
instance, in morphological studies, the first principal component, the component that 
has the most variance ascribed to it, accounts for the variance due to size and 
allometry.
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Principal component analysis cannot be used to discriminate between groups 
of data. To differentiate groups within a data set, discriminant analyses are used.
One such discriminant procedure is canonical analysis. Canonical discriminant 
analysis (CDA), also called multiple discriminant analysis, maximizes the multiple 
correlations between the groups with a linear combination of the variables (SAS 
Institute Inc. 1989). CDA accounts for between class variation in much the same way 
as PCAs accounts for the variation of the entire data set. Canonical coefficients, 
although uncorrelated, are not orthogonal. CDA was performed using the CANDISC 
procedure of SAS.
Intrapopulational methods
To determine if there was variation within each population, bivariate methods 
were used. These methods were done on the data from each Rapana venosa 
population separately. The natural log transformed data range of each population was 
divided into thirds, according to size, creating a small, medium, and large size class. 
Bivariate plots were made and reduced major axis regressions were completed on 
each size fraction. The slopes of the small and medium, medium and large, and 
small and large size fractions’ regressions were tested for significant differences.
Due to the multiple comparisons (k=3), a sequential Bonferroni technique was used to 
adjust the a  levels from the traditional 0.05.
Many studies have attempted to characterize changes in allometry during the 
growth of an organism. These studies are frequently done on crustaceans, which have 
episodic growth with molts, making transitions fairly recognizable. Finney and Abele 
(1981) characterized allometric changes in the decapod crab, Trapezia ferruginea
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with sexual maturity. In their analyses the female crabs were split into sexually 
immature and sexually mature (ovigerous) fractions. They found the carapace of 
females to exhibit increased allometry at sexual maturity in order to increase the 
storage space for eggs. A study on another crustacean, Callianassa louisianensis, 
attempted to more accurately determine the inflection point (Lovett and Felder 1989). 
The crabs were divided into two groups, one part below the believed transition and 
one part above. The division was then moved around the suggested inflection point 
in 0.5 mm increments and the inflection point was determined to be the one that 
produced the lowest combined sum of the squared residuals as well as the highest 
probability of randomly distributed residuals. In molluscs, life history changes in 
allometry have been studied in the green mussel, Pema viridis (Shafee 1976). The 
author had observed spawning events in individuals at 40 mm in shell length, so this 
was chosen as the inflection point of sexual maturity. This study examined the 
changes in the allometric relationship between weight and shell length. At 
approximately the 40 mm mark, there was also a pronounced change in the allometry 
from negative to positive. In his review on allometry, Gould (1966b) implies that 
inflection points tend to be determined by visual inspection or prior knowledge as to 
where significant changes occur. Within the current study on allometry in Rapana 
venosa there is no prior knowledge as to when the life history changes occur. The 
intent of the size range subdivisions is to seek a better understanding of the size 
ranges over which these changes may occur.
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Interpopulational methods
To characterize the morphological variations of the Korean, Black Sea, and 
Chesapeake Bay populations of Rapana venosa both bivariate and multivariate 
methods were used. First reduced major regressions of natural log transformed data 
were effected on each population. Each population was tested for allometry using 
Clarke’s (1980) T-test with a  = 0.05. Then the slopes of the regression were 
compared using Imbrie’s z-scores and Clarke’s T-tests. The tests for significance 
were conducted pairwise between the populations, e.g. Korea and Black Sea, Black 
Sea and Chesapeake, and Korea and Chesapeake. Due to the multiple comparisons 
(k=3), the a  level was adjusted using the sequential Bonferroni technique suggested 
in Rice (1989). Principal component analysis was executed on SYSTAT 7.0 to 
characterize the variance in the entire data set and Canonical Discriminant Analysis 
was done using the CANDISC procedure of SAS software to characterize the 
variance between the populations.
The data from the Smithsonian Institution’s specimens of Rapana venosa was 
then added to the Korean data set, forming an Asian group. The bivariate and 
multivariate analyses described in the previous paragraph were repeated with the 
substitution of the Asian group for the Korean data set.
Interspecific methods
To characterize the morphological variations between the three species of 
Rapana - R. bezoar, R. venosa, and R. rapiformis - the bivariate and multivariate 
methods were used on the data collected from the Smithsonian Institution’s mollusc 
collection. Bivariate plots were made with the natural log transformed reduced major
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axis regressions for each species. The slopes of the regressions were tested for 
significant differences using both Imbrie’s (1956) and Clarke’s (1980) z-score and T- 
test. These comparisons were done pairwise, as i?. bezoar and R. venosa, R. venosa 
and R. rapiformis, and R. bezoar and R. rapiformis. The a  levels were adjusted using 
the sequential Bonferroni technique. Principal Components Analysis was performed 
on SYSTAT 7.0 to characterize the variance in genus Rapana and Canonical 
Discriminant Analysis was done using the CANDISC procedure of SAS software to 
characterize the variance between the three species.
Results
Intrapopulational variation -  Korea
During the data analysis, the data were divided into thirds using different 
methods. The data were divided in thirds according to the log transformed sizes; 
however, the log transformation creates a bias towards more individuals in the larger 
size ranges. The data were also divided into thirds according to the raw, non­
transformed, values. As the divisions into the size fractions did not reflect a 
biological change, but rather arbitrary divisions, either method of size fractioning, 
either on the log transformed or raw data can be used.
The Korean population (n = 226) of Rapana venosa was divided into a small 
size fraction (50.5 mm to 76.0 mm), medium size fraction (76.0 mm to 101.6 mm), 
and a large size fraction (101.6 mm to 127.1 mm) using the raw data. Significant 
differences were found for the comparisons of the reduced major axis slopes of the 
small and medium and the small and large size fractions for spire height, spire slant, 
spire width, and spire length with shell length (Table 2). The regression slopes of the 
small and medium size fractions were found to be significant for the comparison of 
the aperture height with shell length and the aperture width with shell length. All 
three size fractions were found to have significantly different regression slope for the 
comparisons of whorl expansion rate with shell length and shell mass with shell
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length. The smallest size fraction had the lowest slope, and therefore k-value for nine 
of the nine comparisons made.
TABLE 2: Summary of the results for the intrapopulational variation within the Korean data set. An 
asterisk (*) denotes a relationship found significant at the 0.05 level, but not at the sequentially 
adjusted Bonferonni level. Figures are included for all the relationships found significantly different in 
Appendix 1.
Comparison Size fraction Slope z-score
(slope)
Significant
?
spire height small+medium 1.063 4.731 Yes
Vs medium+large 1.968 1.958
shell length large+small 3.173 3.488 Yes
shell width small+medium 1.156 2.083 *
Vs medium+large 1.283 1.274
shell length large+small 1.563 1.873
aperture height small+medium 1.202 3.181 Yes
Vs medium+large 1.460 1.055
shell length large+small 1.301 0.653
aperture width small+medium 1.227 2.653 Yes
Vs medium+large 1.425 0.846
shell length large+small 1.586 1.926
spire slant small+medium 1.091 3.727 Yes
Vs medium+large 1.756 1.449
shell length large+small 2.330 3.157 Yes
spire width small+medium 1.084 2.982 Yes
Vs medium+large 1.294 1.738
shell length large+small 1.709 2.658 Yes
spire length small+medium 1.107 2.764 Yes
Vs medium+large 1.312 1.733
shell length large+small 1.790 2.507 Yes
whorl expansion rate small+medium 0.422 4.460 Yes
Vs medium+large 0.810 2.836 Yes
shell length large+small 1.808 3.961 Yes
shell mass small+medium 3.008 2.623 Yes
Vs medium+large 3.533 2.288 Yes
shell length large+small 5.186 3.048 Yes
Intrapopulational variation -  Black Sea
The Black Sea population from Turkey (n = 74) of Rapana venosa was 
divided into small (38.1 mm to 48.7 mm), medium (48.7 mm to 59.6 mm), and large 
(59.6 mm to 70.6 mm) size fractions based on the raw data. The reduced major axis
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regression slopes were significantly different for the comparison of shell mass and 
shell length for the small and medium size fraction and the small and large size 
fraction (Table 3). Additionally the medium and large size fraction were found to 
have significantly different slopes for the relationship for spire slant and shell length. 
There were no trends in the relationships of the slopes.
TABLE 3: Summary of the results for the intrapopulational variation within the Black Sea data set.
An asterisk (*) denotes a relationship found significant at the 0.05 level, but not at the sequentially 
adjusted Bonferonni level. Figures are included for all the relationships found significantly different in 
Appendix 1.
Comparison size fraction slope Z-score
(slope)
Significant?
spire height small+medium 2.240 0.749
vs. medium+large 2.724 0.172
shell length large+small 2.586 0.425
shell width small+medium 1.423 1.026
vs. medium+large 1.207 0.062
shell length large+small 1.193 0.956
aperture height small+medium 1.837 0.053
vs. medium+large 1.852 1.593
shell length large+small 1.348 1.632
aperture width small+medium 2.129 1.150
vs. medium+large 1.724 1.403
shell length large+small 1.263 2.250 ★
spire slant small+medium 1.673 0.624
vs. medium+large 1.942 2.526 Yes
shell length large+small 0.967 1.734
spire width small+medium 1.192 0.593
vs. medium+large 1.307 0.730
shell length large+small 1.127 0.285
spire length small+medium 1.309 0.666
vs. medium+large 1.468 0.709
shell length large+small 1.262 0.165
whorl expansion rate small+medium 0.932 0.448
vs. medium+large 1.044 1.857
shell length large+small 2.044 2.046 *
shell mass small+medium 1.707 2.940 Yes
vs. medium+large 3.454 0.719
shell length large+small 4.036 2.884 Yes
65
Intrapopulational variation -  Chesapeake Bay
The Chesapeake Bay population of Rapana venosa (n = 107) was divided into 
a small (65.3 mm to 89.8 mm), medium (89.8 mm to 123.4 mm), and large (123.7 
mm to 170.2 mm) size fractions based on the log transformed shell lengths. 
Significant differences were found for the regression slopes of the small and medium 
size fractions and the small and large size fractions for the comparisons of the spire 
width, spire length, and shell mass with the shell length (Table 4). The large and 
small size fractions were significantly different for the comparison of spire slant with 
shell length and the medium and large size fractions were significantly different for 
the comparison of aperture height with shell length. The small size fraction had the 
lowest slope, and therefore k-value, for seven of the nine bivariate comparisons.
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TABLE 4: Summary of the results for the intrapopulational variation within the Chesapeake Bay data 
set. An asterisk (*) denotes a relationship found significant at the 0.05 level, but not at the sequentially 
adjusted Bonferonni level. Figures are included for all the relationships found significantly different in 
Appendix 1.
Regression size fractions slope Z-score
(slope)
Significant
?
spire height small+medium 1.653 0.122
vs. medium+large 1.603 1.883
shell length large+small 2.365 1.523
shell width small+medium 1.011 2.162 *
vs. medium+large 1.275 0.600
shell length large+small 1.209 1.641
aperture height small+medium 1.341 1.309
vs. medium+large 1.543 2.770 Yes
shell length large+small 1.195 1.082
aperture width small+medium 1.165 2.243 *
vs. medium+large 1.500 1.708
shell length large+small 1.270 0.827
spire slant small+medium 0.984 1.140
vs. medium+large 1.248 1.463
shell length large+small 1.658 2.511 Yes
spire width small+medium 0.807 3.247 Yes
vs. medium+large 1.160 1.156
shell length large+small 1.287 3.903 Yes
spire length small+medium 1.029 2.819 Yes
vs. medium+large 1.423 0.036
shell length large+small 1.418 2.789 Yes
whorl expansion rate small+medium 0.719 0.314
vs. medium+large 0.780 0.937
shell length large+small 0.952 1.145
shell mass small+medium 2.668 3.511 Yes
vs. medium+large 4.729 0.939
shell length large+small 4.202 3.042 Yes
Interpopulational variation -  Korea, Black Sea, and Chesapeake Bay
Using Clarke’s (1980) T-Test for deviations from isometry (Equation 6) the 
Korean, Black Sea, and Chesapeake Bay populations were found to have significant 
allometry in the bivariate comparisons of shell width, aperture height, aperture width, 
and whorl expansion rate with the shell length. The Korean population was found to 
have significant allometry for the comparisons of spire width and spire length with
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shell length. The Chesapeake population had significant allometry in the bivariate 
comparisons of spire length and shell mass with shell length. Of the nine regressions 
performed, the Black Sea population had the greatest slope in six of the regressions. 
These alio metric results are summarized in Table 5.
TABLE 5: Allometry in Korean, Black Sea, and Chesapeake Bay populations of Rapana venosa.
Comparison Population Slope T-test
(allometry)
DF Significant?
Spire height 
vs.
Shell length
Korea 1.055 0.470 184.685
Black Sea 1.196 0.714 68.960
Chesapeake 0.960 0.282 83.403
Shell width 
vs.
Shell length
Korea 1.146 4.039 153.764 Yes
Black Sea 1.176 1.910 51.624 Yes
Chesapeake 1.114 3.078 72.571 Yes
Aperture height 
vs.
Shell length
Korea 1.227 5.321 154.501 Yes
Black Sea 1.440 3.927 51.948 Yes
Chesapeake 1.154 3.367 72.851 Yes
Aperture width 
vs.
Shell length
Korea 1.240 5.904 154.187 Yes
Black Sea 1.483 3.870 52.363 Yes
Chesapeake 1.221 5.090 72.717 Yes
Spire slant 
vs.
Shell length
Korea 1.075 0.729 175.331
Black Sea 1.083 0.447 58.024
Chesapeake 0.918 0.863 76.152
Spire width 
vs.
Shell length
Korea 1.078 1.810 155.011 Yes
Black Sea 1.021 0.206 52.274
Chesapeake 1.036 0.905 72.714
Spire length 
vs.
Shell length
Korea 1.122 2.727 155.192 Yes
Black Sea 1.086 0.775 52.587
Chesapeake 1.147 3.173 72.878 Yes
Whorl expansion rate 
Vs
Shell length
Korea 0.378 6.607 216.838 Yes
Black Sea 0.555 2.210 72.726 Yes
Chesapeake 0.299 5.549 103.927 Yes
Shell mass 
vs.
Shell length
Korea 3.052 0.412 154.387
Black Sea 2.753 0.659 54.003
Chesapeake 3.590 3.243 71.363 Yes
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Table 6 summarizes the variation between the Korean, Black Sea, and 
Chesapeake Bay populations of Rapana venosa. Significant differences between the 
reduced major axis regression slopes were found between all three populations for the 
comparisons of aperture height with shell length and whorl expansion rate with shell 
length. For the comparison of aperture width with shell length, both the Korean and 
Chesapeake Bay populations were found to be significantly different from the Black 
Sea population. For the comparison of shell mass with the shell length, the RMA 
slopes from the Korean and Black Sea populations were found to be significantly 
different. Additionally, the Chesapeake and Korean populations were found to be 
different when spire slant and shell length were compared.
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TABLE 6: Comparisons of RMA regressions between the Korean, Black Sea, and Chesapeake Bay 
populations of Rapana venosa. Black are the samples from the Black Sea coast of Northern Turkey, 
and Ches is the Chesapeake Bay samples. Significant differences meet the alpha levels of the 
sequential Bonferonni adjustment. Graphs with significant differences can be found in Appendix 1.
Comparison Population slope Z-score
(slope)
Significant?
Spire height 
vs.
Shell length
Korea+Black 1.055 1.017
Black+ Ches 1.196 1.666
Ches.+Korea 0.960 1.198
Shell width 
vs.
Shell length
Korea+Black 1.146 0.659
Black+ Ches 1.176 1.357
Ches.+Korea 1.114 1.356
Aperture height 
vs.
Shell length
Korea+Black 1.227 3.507 Yes
Black+ Ches 1.440 4.675 Yes
Ches.+Korea 1.154 2.459 Yes
Aperture width 
vs.
Shell length
Korea+Black 1.240 3.590 Yes
Black+ Ches 1.483 3.863 Yes
Ches.+Korea 1.221 0.691
Spire slant 
vs.
Shell length
Korea+Black 1.075 0.083
Black+ Ches 1.083 1.808
Ches.+Korea 0.918 2.597 Yes
Spire width 
vs.
Shell length
Korea+Black 1.078 1.189
Black+ Ches 1.021 0.322
Ches.+Korea 1.036 1.604
Spire length 
vs.
Shell length
Korea+Black 1.122 0.680
Black+ Ches 1.086 1.142
Ches.+Korea 1.147 0.847
Whorl expansion rate 
vs
Shell length
Korea+Black 0.378 2.608 Yes
Black+ Ches 0.555 3.703 Yes
Ches.+Korea 0.299 2.159 Yes
Shell mass 
vs.
Shell length
Korea+Black 3.052 1.831
Black+ Ches 2.753 4.757 Yes
Ches.+Korea 3.590 5.291 Yes
The Korean, Black Sea, and Chesapeake Bay populations of Rapana venosa 
occupied differing size ranges (Figure 9). The Korean population had a size range of 
30.3 mm to 127.2 mm in shell length, averaging 84.6 mm with a standard error of 
mean of ±0.97 and a standard deviation of ±14.6. The Black Sea population ranged 
from 37.9 mm to 70.4 mm in shell length, averaging 52.7 mm with a standard error of 
the mean of ±0.75 and a standard deviation of ±6.41. The Chesapeake Bay
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population occupied a size range of 65.3 mm to 170.2 mm in shell length with a 
standard error of the mean of ±2.54 and a standard deviation of ±26.3. The tiered 
subsampling method for the Chesapeake specimens introduced a bias towards the 
smaller Chesapeake samples.
Histogram of Rapana venosa shell lengths
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FIGURE 9: Shell length size frequencies of Rapana venosa from the subsamples of the Korean, Black 
Sea, Chesapeake Bay populations. Shells from the Smithsonain collection of Rapana venosa are included.
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The multivariate methods demonstrated the importance of size and allometry 
in these data. Principal component analysis was first executed on the data using the 
correlation matrix, which standardizes the variances of the initial variables. The first 
principal component explained 85.0% of the variance and the second principal 
component explained an additional 9.6%. The first component loaded heavily on all 
variables, with the exception of whorl expansion rate; while the second component 
loaded heavily on only the whorl expansion rate (Figure 10). As the whorl expansion 
rate calculation was subject to much error and the r2 values were very low (Korean 
r2 = 0.085, Black Sea r2 = 0.036, and Chesapeake Bay r2 = 0.083), the PCA was 
iterated omitting whorl expansion rate. Without whorl expansion rate, the first 
principal component was assigned 94.7% of the variance within the data set and 
loaded heavily on all of the variables (Figure 11). The second principal component 
accounted for an additional 3.4% of the variance and loaded on the spire height and 
spire slant.
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Factor Loadings Plot
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FIGURE 10: Factor loadings from the principal component analysis on all the variables from the 
Korean, Black Sea, and Chesapeake data. WER is used as an abbreviation for Whorl Expansion 
Rate. With the exception of the whorl expansion rate, spire slant (spslant), and spire height 
(spheight), the remaining variables load on the first principal component.
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FIGURE 11: Factor loadings on the first two principal components of the Korean, Black Sea, 
and Chesapeake data, without the whorl expansion rate variable. Spirehi denotes the spire 
height and spslant is the spire slant.
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Canonical discriminant analysis shows that the three populations are distinct. 
The squared Mahalanobis distances of the populations shows that the Korean 
population is closest to the Chesapeake Bay population, while the Chesapeake 
population is most different from the Black Sea population (Table 7). These 
differences between populations were significant using a three dimensional F-test. 
The MANOVA techniques were all significant (Table 8). A plot of the canonical 
variables shows how the three populations sort (Figure 12). Size appears to be 
discriminating the populations.
TABLE 7: Mahalanobis squared distances between populations of Rapana venosa. The double 
asterisk (**) denotes significant differences based on a three dimensional F-test.
Korea Black Sea Chesapeake
Bay
Korea 0 6.01 ** 3.38 **
Black Sea 6.01 ** 0 15.25 **
Chesapeake
Bay
3.38 ** 15.25 ** 0
TABLE 8: Multivariate statistics and F approximations.
Statistic Value F-Value DF Den DF PR > F
W ilk’s Lambda 0.212 45.75 20 782 <0.0001
Pillai’s Trace 0.877 30.62 20 784 <0.0001
Hotelling-Lawley Trace 3.289 64.16 20 657.8 <0.0001
Roy’s greatest Root 3.155 123.69 10 392 <0.0001
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Canonical Scores Plot
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FIGURE 12: Plot of the canonical variates of the three populations of Rapana venosa. Pop 1 is the 
Korean population, pop 2 is the Black Sea population, and pop 3 is the Chesapeake Bay population. 
(Figure created in SYSTAT 7.0)
Interpopulational variation -  Asia, Black Sea and Chesapeake Bay
The analyses performed on the Korean, Black Sea, and Chesapeake Bay 
interpopulational study were repeated with the addition of the Rapana venosa 
specimens from the Smithsonian Institition’s Mollusc collection. This Asian group 
was found to have significant allometry for the bivariate comparisons of spire height 
(negative allometry, e.g. k < 1), shell width, aperture height, aperture width, spire 
width, spire length, and whorl expansion rate, and shell mass (negative allometry, k <
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3) with shell length (Table 9). The Black Sea population had the greatest slope for 
six of the nine bivariate comparisons as it did in the analyses with only the Korean 
data. With the addition of the Smithsonian Institution’s shells, the size range for the 
Asian population of Rapana venosa became 14.4 mm to 172.0 mm (Figure 9).
TABLE 9: Allometry in Asian, Black Sea, and Chesapeake Bay populations of Rapana venosa. The 
Degrees of Freedom (DF) were determined from Equation 10.
Comparison Population Slope T-Test
(Allometry
DF significant?
spire height 
Vs. 
shell length
Asia 0.865 2.037 216.513 Yes
Black Sea 1.196 0.714 68.960
Chesapeake 0.960 0.282 83.403
shell width 
Vs. 
shell length
Asia 1.085 3.777 198.330 Yes
Black Sea 1.176 1.910 51.624 Yes
Chesapeake 1.114 3.078 72.571 Yes
Aperture height 
Vs. 
shell length
Asia 1.161 6.462 198.593 Yes
Black Sea 1.440 3.927 51.948 Yes
Chesapeake 1.154 3.367 72.851 Yes
Aperture width 
Vs. 
shell length
Asia 1.229 9.525 198.358 Yes
Black Sea 1.483 3.870 52.363 Yes
Chesapeake 1.221 5.090 72.717 Yes
spire slant 
Vs. 
shell length
Asia 0.926 1.344 208.939
Black Sea 1.083 0.447 58.024
Chesapeake 0.918 0.863 76.152
spire width 
Vs. 
shell length
Asia 1.054 2.093 198.946 Yes
Black Sea 1.021 0.206 52.274
Chesapeake 1.036 0.905 72.714
spire length 
Vs. 
Shell length
Asia 1.072 2.795 198.875 Yes
Black Sea 1.086 0.775 52.587
Chesapeake 1.147 3.173 72.878 Yes
Whorl expansion rate 
Vs
Shell length
Asia 0.258 10.118 292.026 Yes
Black Sea 0.555 2.210 72.726 Yes
Chesapeake 0.299 5.549 103.927 Yes
Shell mass 
Vs. 
Shell length
Asia 2.859 1.647 195.635 Yes
Black Sea 2.753 0.659 54.003
Chesapeake 3.590 3.243 71.363 Yes
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The regression slopes of the Chesapeake Bay and Asian populations were 
significantly different from the Black Sea population for the comparisons o f aperture 
height (Figure 13), aperture width (Figure 14), and whorl expansion rate with shell 
length (Table 10). Asia was significantly different from the Black Sea population for 
the comparison of spire height with whorl expansion rate. The Asian population was 
significantly different from the Chesapeake population for the regression of spire 
length with shell length and shell mass with shell length.
Interpopulational comparison of aperture height as a function of shell
length
o Asia 
o Black Sea 
a  Chesapeake
— RMA Asia
- - RMA Black Sea
RMA Chesapeake
•c 3
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Natural log shell length (mm)
FIGURE 13: Reduced major axis regression of aperature height as a function of shell length.
Asia (Korean and Smithsonian specimens) y = 1.161x - 1.318 r2 = 0.971 
Black Sea y = 1.440x - 2.336 r2= 0.883
Chesapeake Bay y = 1.154x - 1.306 r2 = 0.964
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Interpopulational comparison of aperture width as a function of shell length
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FIGURE 14: Reduced major axis regression of aperature width as a function of shell length.
Asia (Korean and Smithsonian specimens) 
Black Sea 
Chesapeake Bay
y = 1.229x- 1.976 
y =  1 .4 8 3 x -2.892 
y =  1.221x- 1.957
r2 = 0.974 
r2= 0.859 
r2 = 0.969
The multivariate methods reiterated the results of the initial analysis with just 
the Korean, Black Sea, and Chesapeake Bay populations of Rapana venosa. After 
performing PCA using the correlation matrix, the first principal component, which 
loaded heavily on all variables with the exception of whorl expansion rate, 
contributed to 85.4% of the variance. The second principal component, which loaded 
heavily on the whorl expansion rate, contributed to 9.8% if the variance. Removing
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the whorl expansion rate from the PGA, yielded a first principal component that 
loaded heavily on all variables accounting for 94.5% of the variance. The second 
principal component accounted for 3.2% of the variance and loaded on the spireslant 
and spire height variables. These loadings are the same as the loadings without the 
Smithsonian data (Figure 10 and Figure 11).
TABLE 10: Comparisons of reduced major axis regressions between the Asian, Black Sea, and 
Chesapeake Bay populations of Rapana venosa. An asterisk (*) represents a difference significant at 
the 0.05 level, but not at the adjusted sequential Bonferonni level
Comparison population slope Z-slope Significant
?
spire height 
vs.
shell length
Asia+Black 0.865 2.524 Yes
Black+ Ches 1.196 1.666
Asia+Ches 0.960 1.436
shell width 
vs.
shell length
Asia+Black 1.085 2.085 *
Black+ Ches 1.176 1.357
Asia+Ches 1.114 1.496
aperture height 
vs.
shell length
Asia+Black 1.161 4.773 Yes
Black+ Ches 1.440 4.675 Yes
Asia+Ches 1.154 0.272
aperture width 
vs.
shell length
Asia+Black 1.229 3.864 Yes
Black+ Ches 1.483 3.863 Yes
Asia+Ches 1.221 0.354
spire slant 
vs.
shell length
Asia+Black 0.926 1.827
Black+ Ches 1.083 1.808
Asia+Ches 0.918 0.195
spire width 
vs.
shell length
Asia+Black 1.054 0.733
Black+ Ches 1.021 0.322
Asia+Ches 1.036 0.861
spire length 
vs.
shell length
Asia+Black 1.072 0.282
Black+ Ches 1.086 1.142
Asia+Ches 1.147 3.125 Yes
Whorl expansion rate 
vs
shell length
Asia+Black 0.258 4.561 Yes
Black+ Ches 0.555 3.703 Yes
Asia+Ches 0.299 1.274
shell mass 
vs.
shell length
Asia+Black 2.859 0.672
Black+ Ches 2.753 4.757 Yes
Asia+Ches 3.590 7.876 Yes
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The Canonical discriminant analysis on the data with the Asian, Black Sea, 
and Chesapeake Bay Rapana venosa yielded similar results to the analysis with 
Korean, Black Sea, and Chesapeake Bay specimens. The Mahalanobis distance of 
the Asian population was closest to the Chesapeake Bay; however, the Chesapeake 
Bay and Black Sea populations were furthest apart (Table 11). The F-statistic 
supported that these distances were significantly different. The MANOVA technique 
results were also significant (Table 12). Figure 15 shows that the populations are 
sorting similarly to the analysis without the Smithsonian data (Figure 12).
TABLE 11: Mahalanobis squared distances between populations of Rapana venosa. The double 
asterisk (**) denotes significant differences based on a three dimensional F-test
Asia Black Sea Chesapeake Bay
Asia 0 6.008 ** 3.383 **
Black Sea 6.008 ** 0 15.25 **
Chesapeake Bay 3.383 ** 15.25 ** 0
TABLE 12: Multivariate statistics and F approximations.
Statistic Value F- Value DF Den DF Pr > F
W ilks’
Lambda
0.349 31.49 20 908 <0.0001
Pillai’s Trace 0.742 26.86 20 910 <0.0001
Hetelling- 
Lawley Trace
1.607 36.41 20 764 <0.0001
Roy’s
Greatest Root
1.423 64.78 10 455 <0.0001
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Canonical Scores Plot
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FIGURE 15: Plot of the canonical variates of the three populations of Rapana venosa, including 
the Smithsonian specimens. Pop 1 is the Asian (Korean and Smithsonian) population, pop 2 is 
the Black Sea population, and pop 3 is the Chesapeake Bay population. (Figure created in 
SYSTAT 7.0)
Interspecific variation
Very few of the comparisons of the reduced major axis regression slopes were 
found to be significantly different between the three species of Rapana, R. bezoar, R. 
venosa, and R. rapiformis (Table 13). For the comparison of shell width and shell 
length, R. venosa and R. bezoar were significantly different and R. bezoar and R. 
rapiformis were significantly different. R. venosa and R. rapiformis were 
significantly different in the comparison of aperture width and shell length. The
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regression slopes of R. bezoar and R. rapiformis were significantly different for the 
regression comparing spire slant with shell length. This portion of the study used 294 
Rapana venosa specimens, 14 R. bezoar specimens, and 24 R. rapiformis specimens.
TABLE 13: Comparisons of reduced major axis regressions between the Asian, Black Sea, and 
Chesapeake Bay populations of Rapana venosa. An asterisk (*) represents a difference significant at
the 0.05 level, but not at the adjusted sequential Bonferonni level
Comparison Species of Rapana slope Z-score
(slope)
Significant?
spire height venosa+bezoar 0.864 0.390
vs. bezoar+rapiformis 0.817 1.294
shell length venosa+rapiformis 1.054 1.330
shell width venosa+bezoar 1.084 3.988 Yes
vs. bezoar+rapiformis 0.956 2.733 Yes
shell length venosa+rapiformis 1.076 0.213
aperture height venosa+bezoar 1.161 0.506
vs. bezoar+rapiformis 1.126 0.026
shell length venosa+rapiformis 1.128 0.861
aperture width venosa+bezoar 1.229 1.521
vs. bezoar+rapiformis 1.154 0.821
shell length venosa+rapiformis 1.103 3.117 Yes
spire slant venosa+bezoar 0.928 1.654
vs. bezoar+rapiformis 0.829 2.550 Yes
shell length venosa+rapiformis 1.018 1.661
spire width venosa+bezoar 1.054 1.216
vs. bezoar+rapiformis 0.968 1.843
shell length venosa+rapiformis 1.114 1.530
spire length venosa+bezoar 1.070 1.919
vs. bezoar+rapiformis 0.951 2.375 *
shell length venosa+rapiformis 1.129 1.308
whorl expansion rate venosa+bezoar 0.258 0.939
vs. bezoar+rapiformis 0.326 1.362
shell length venosa+rapiformis 0.216 1.020
shell mass venosa+bezoar 2.859 0.797
vs. bezoar+rapiformis 3.038 0.838
shell length venosa+rapiformis 3.306 1.922
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The results of the principal component analysis were similar to those of the 
intraspecies (e.g. interpopulational) data set. The first principal component accounted 
for 83.5% of the variance and loaded heavily on all of the variables except whorl 
expansion rate. The second principal component accounted for 10.3% of the variance 
and loaded heavily on the whorl expansion rate. Removing whorl expansion rate 
from the data set yielded a first principal compent, accounting for 92.7% of the 
variance, which loaded heavily on all of the variables. The second principal 
component accounted for 4.4% of the variance and loaded heavily on the spire height 
and spire slant. The factor loadings plots closely resemble those of the 
interpopulational data (Figure 10 and Figure 11).
Canonical discriminant analysis shows that, unlike the intraspecific analyses, 
the species of Rapana are being discriminated based on more than just size. The 
species are distinct, according to their Mahalanobis distances, which also demonstrate 
that the form of Rapana rapiformis is the most disparate from R. venosa (Table 14). 
The first canonical coefficients separate the three populations based on the shell 
thickness (Figure 16). The second canonical coefficients better discern the three 
species based on the proportion of the shell length occupied by the spire versus the 
aperture.
TABLE 14: Mahalanobis squared distances between members of the genus Rapana. A double 
asterisk (**) denotes significant differences based on a three dimensional F-test
R. venosa R. bezoar R. rapiformis
R. venosa 0 11.13 ** 21.20 **
R. bezoar 11.13 ** 0 13.77 **
R. rapiformis 21.20 ** 13.77 ** 0
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FIGURE 16: Plot of the canonical variates of the three species within the genus Rapana. 
Species 1 is R. venosa, species 2 is R. bezoar, and species 3 is R. rapiformis (Figure created in 
SYSTAT)
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Discussion
Intrapopulational variation
Variations in alio metric rates were characterized within three Rapana venosa 
populations, the Yellow Sea coast of Korea, the Black Sea coast of Turkey, and the 
Chesapeake Bay of Virginia, U.S.A. In log transformed morphometric plots, the 
slope of the regression is the allometric rate. The Korean and Chesapeake Bay 
populations had significant inflection points during their developmental history, 
whereas the Black Sea population appeared to lack an inflection point. In the Korean 
population, an inflection point emerges at approximately 76.0 mm in shell length. 
Between 50.5 mm and this inflection point, the allometric rates characterized in this 
study were significantly lower than in larger size fractions. In the Chesapeake Bay 
population of R. venosa, this inflection point appeared at approximately 89.8 mm in 
shell length, with allometric rates for most of the shell characters quantified in this 
study significantly lower in the size range of 65.3 mm to 89.8 mm than at larger sizes. 
On the other hand, the Black Sea population of R. venosa appears to lack this 
inflection point. Tiering this population by shell length using several methods failed 
to produce evidence for an inflection point. Throughout the spectrum of shell length 
size ranges represented in the Black Sea sample of R. venosa allometric rates were 
consistantly high.
Previous studies (Vermeij 1978, Kemp and Bertness 1984) concluded that 
allometric rates vary with growth rates. At reduced growth rates, allometry is more
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pronounced. Within the Gastropoda, fast growth occurs prior to sexual maturity 
(Vermeij 1993, Wilbur and Owen 1964). In forms with indeterminant growth, such 
as Rapana venosa, growth continues post sexual maturity, although, at lower rates 
(Hughes 1986). This explains the high allometric rates in the larger size classes for 
the Korean and Chesapeake Bay populations of R. venosa. The Black Sea population 
of Rapana venosa lacks the rapid growth phase and grows at reduced growth rates 
throughout the size range sampled, including the smallest size fraction from 38.1 mm 
to 48.7 mm shell length (for more discussion of this, please see the section on 
interpopulational variation).
Allometric rates related to shell mass were consistently significantly lower in 
all three populations of Rapana venosa in the smallest size fractions. At maturity 
shell mass increases more rapidly than shell length. Even with reduced length 
growth, new shell material is laid down, causing the thickening of the shell (Hughes 
1986). The orange internal coloration of the adult whelks could be related to reduced 
length growth with continued shell secretion and the resultant shell thickening. Many 
of the smaller Korean and Chesapeake specimens lacked this orange coloration, 
whereas all of the Black Sea specimens possessed the orange internal coloration.
The environment can influence allometric rates of growth (Wilbur and Owen 
1964). For instance, oysters grown on soft substrate had higher allometric rates than 
those on hard substrates. Habitat partitioning has been inferred for both the Korean 
and Chesapeake Bay populations of Rapana venosa. The smallest Chesapeake Bay 
whelk was 65.3 mm at the time of this study. The dearth of small R. venosa in the 
Chesapeake Bay sample may support habitat partitioning between large and small
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whelks. Unfortunately, this may be a signal of the size selection of the collection 
methods used in addition to habitat partitioning. The change in allometric rates 
between the small and larger size fractions of R. venosa may have environmental 
influences compounding the changes with maturity.
The Korean and Chesapeake Bay populations of Rapana venosa possessed an 
inflection point, whereas the Black Sea population did not. This supports the 
inflection point as a phenotypic trait dependent on the environment as opposed to one 
that is based solely on genetics. Rather than a property of the species, the inflection 
point in Rapana venosa’s allometric rates is more likely a property of the species in a 
particular environment.
The size ranges for which an allometric rate is valid needs to be stated due to 
the allometric rates’ propensity to change at varying sizes (Gould 1966a, 1966b). The 
soundness of extrapolation of an allometric equation should be questioned. The 
Korean and Chesapeake Bay allometric rates varied greatly depending on the Size 
range sampled. The disparities of allometric rates implies that in characterizing a 
population or species based solely on allometric relationships, large sample sizes 
incorporating as much of the size ranges as possible are needed.
Interpopulational variation
Variations in allometric rates were characterized between the three Rapana 
venosa populations, the Yellow Sea coast of Korea, the Black Sea coast of Turkey, 
and the Chesapeake Bay of Virginia, U.S.A. This characterization was then repeated 
with the addition of historical specimens from the Smithsonian Institution’s mollusc 
collection to the Korean population, creating an Asian group. All groups exhibited
significant allometry, as determined by the high percentage of variance attributed to 
the first principal component in PCA in addition to significant deviations from 
isometry in regressions of the bivariate plots. As the shells of Rapana venosa grow 
longer, they become proportionally wider in shell width, wider in aperture width, and 
taller in aperture height at a greater rate than the length increase in the Korean, Black 
Sea, and Chesapeake Bay populations. Whorl expansion rate also exhibits the same 
trend; however, these results will not be discussed due to the particularly low 
correlation coefficients. The Black Sea had consistently higher regression slopes, and 
therefore allometric rates, with the exception of the spire width and length 
parameters. In the comparisons between the Asian and Chesapeake populations, the 
Black Sea had the lowest allometric rate for the spire width and spire length.
Of the bivariate relationships between the Black Sea and the Asian and 
Chesapeake Bay populations, the allometric rate of the Black Sea is significantly 
different from the other two populations for the relationships with aperture height and 
width (Figures 13 and 14). The aperture of Black Sea Rapana venosa becomes 
significantly larger with growth than the apertures of Chesapeake Bay and Korean 
whelks. The Black Sea population was sampled from a rocky coast in Northern 
Turkey. The Korean and Chesapeake Bay samples came from soft bottom, where 
individuals were predominately infaunal. The larger aperture allows for a larger foot 
in the Black Sea population. A larger foot allows for better attachment on substrate in 
higher energy environments, such as a rocky coast (Trussell 1997, Trussell et al. 
1993). The ecology of Black Sea R. venosa necessitates a larger foot especially with 
increasing size, hence the increased allometry in the aperture. Thais lapillus has also
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been shown to have a larger aperture in more wave exposed environments to increase 
its adherence to the rocks (Moore 1936).
Canonical Discriminant Analysis (CDA) elucidated that the three populations 
of Rapana venosa were distinct, sorting only on the first canonical variate. The first 
canonical variate was controlled by the size of the whelks. The Mahalanobis 
distances demonstrated that the Chesapeake Bay population was more closely related 
to the Asian population that the Black Sea population was. Additionally, the 
Chesapeake Bay population was most different from the Black Sea. These 
relationships appear to be in direct contradiction with the notion that Rapana venosa 
was introduced from Northern Asia to the Black Sea and then from the Black Sea to 
the Chesapeake Bay. These different morphological relationships do not result from 
genetic influences on the populations. The different morphologies result from the 
role the environment plays on the phenotype; ergo, the environment of Northern Asia 
and the Chesapeake Bay are likely more similar than the environment of the Black 
Sea. Other studies have determined that the role of the environment on gastropod 
shells is so strong that the differences between morphologies found in CD A can lack 
genetic basis. CDA determined that the morphologies of the freshwater gastropod, 
Viviparus limi was most similar to V. georgianus, V. goodrichi and V. georgianus had 
an intermediate relationship, and V. limi and V. goodrichi were the most different 
(Katoh and Foltz 1994). Genetic assays determined that V. goodrichi and V. 
georgianus were the most closely related.
The Black Sea environment is dissimilar to the environments Rapana venosa 
inhabits in the Yellow Sea of Asia and the Chesapeake Bay. In addition to the rocky
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coast, the Black Sea has a depauperate fauna, restricting the feeding opportunities for 
R. venosa in the Black Sea (Chukhchin 1984). Poor feeding reduces growth rates as 
demonstrated with Littorina littorea (Kemp and Bertness 1984) and lower growth 
rates intensifies allometry (Vermeij 1993). The growth rate induced changes in 
allometry within the genus Nodilittorina led to the incorrect identification of two 
conspecifics as being in two separate species (Vermeij 1978). The increased 
allometric rates in Black Sea Rapana venosa likely stems from the lack of food. Data 
from Northern Asian R. venosa from Possieta Bay, near Peter the Great Bay, Russia 
indicates an average of 75.2 mm in shell length after two years of growth (Rakov 
1998). In the Black Sea, R. venosa only attained an average shell length of 58 mm in 
two years (Chukhchin 1984). At five years of age, the shell length in Possieta Bay 
averaged 136.0 mm, while in Sevastopol Bay shell lengths only averaged 92.1 mm. 
The increased allometry in Black Sea specimens of Rapana venosa is indicative of 
the reduced growth rates due to lack of food.
The Black Sea population is distributed across a lower size range than either 
the Asian or Chesapeake Bay populations of Rapana venosa (Figure 9). There are 
many sources for this disparity. The high allometric rates in the Black Sea population 
of Rapana venosa would limit the size that the whelks could attain. According to 
Gould (1966a and 1966b), high allometric rates limits maximum growth because at 
large sizes the proportions would become cumbersome and maladaptive. 
Poecilozonites dalli, like the Black Sea. Rapana venosa, was smaller with higher 
allometric rates than P. cupula. P. cupula, analogous with the Asian and Chesapeake 
Rapana venosa, was larger and had lower allometric rates. P. dalli and P. cupula
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were subsequently determined to be conspecific. The small size of Rapana venosa in 
the Black Sea is a product of the high allometric rates.
Frequently, predators cannot feed on prey larger than a certain size, 
designated as the refuge size. Heavy predation on smaller sizes puts pressure on an 
organism to grow faster to attain the refuge size (Dodson 1989). There are no known 
predators on large adult Asian and Chesapeake Rapana venosa; however, there are 
numerous potential predators on the smaller forms including crabs. The depauperate 
fauna in the Black Sea, and the lack of predatory gastropods prior to Rapana's 
introduction, may serve to reduce the predation pressure to attain a size refuge. 
Reduced size has been noted in organisms in areas without predation. Sondaar (1986) 
cites the examples of Pygmy elephants, and dwarf deer evolving in areas with 
reduced predation stress such as isolated Mediterranean islands. The small size of 
Rapana venosa in the Black Sea may result from the interplay between their ability to 
feed and the lack of organisms feeding on the whelks.
Upon the initial discovery of Rapana venosa in the Chesapeake Bay, it was 
noted that the Chesapeake whelks had exceptionally large sizes. Although there were 
reports of large individuals, few whelks in the native range in Northern Asia and the 
Black Sea attain the proportions of the Chesapeake R. venosa. It was thought that 
these large sizes were a novel phenotype to the Chesapeake Bay. This belief is not 
supported by inspection of the Smithsonian Institution’s historical collection of 
Rapana venosa.
Within the Smithsonian Institution’s mollusc collection are several specimens 
of Rapana venosa that extend the observed size range of Asian specimens (Figure 9).
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Of particular interest are two specimens of 172 mm shell length. One specimen dates 
from 1894 and the other dates from 1922. Currently there is a large commercial 
fishery that targets Rapana venosa in Asia; however, these large Asian specimens 
likely date prior to an increase in commercial fishing during the mid 1900s. The 
present reduced size of Rapana venosa in Korea probably results from the intense 
fishing pressure (see Appendix 2). The large size of Chesapeake Bay Rapana venosa 
represents a return to size frequencies of an unfished population as opposed to a novel 
phenotype.
Numerous populations of Rapana venosa have been found outside their native 
range of northern Asia, including in the Black Sea, Mediterranean Sea, Chesapeake 
Bay, and Rio del la Plata, between Uruguay and Argentina; however, not all 
introductions of R. venosa were successful. Within the Smithsonian Institution’s 
mollusc collection, was a specimen of 80.2 mm in shell length found in Washington 
State, U.S.A. This whelk came in with oyster seed from Japan and was placed in the 
Smithsonian’s collection in 1932. An approximately 115 mm specimen was found in 
Willapa Bay, Washington State in 1974 (Dumbauld unpublished data). During the 
early 1900s, particularly in the 1920’ s, the Pacific Northwest of the United States 
used oyster seed from Asia to start a Crassostrea gigas fishery. The inadvertant 
introduction o f R. venosa as an associated species likely failed to become established 
due to the cold water temperatures and the low numbers of R. venosa in the initial 
inoculation of whelks brought in with the oyster seed.
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Interspecific variation
There has been much confusion as to the identification of the three species 
within the genus Rapana; namely R. venosa, R. bezoar, and R. rapiformis. In 
understanding the potential ecological impacts of the recent introduction of Rapana 
venosa to the Chesapeake Bay, more certainty needs to be brought to the 
identification of Rapana species. For instance, should R. bezoar be conspecific with 
R. venosa, the southern range of the potential spread of R. venosa within the United 
States may extend far further south than the predicted estimate of Charleston, SC as 
R. bezoar occupies warmer water regions of Asia. The bivariate methods yielded few 
allometric relationships that were significantly different between the populations; 
however, the multivariate method of canonical discriminant analysis determined there 
were differences between the described species. Rapana venosa and R. rapiformis 
were the most disparate according to the Mahalanobis distances. This agrees with the 
initial visual observations made at the Smithsonian Institution’s mollusc collection. 
The variables related to shell thickness initially sorted the three congeners, with R. 
venosa having the thickest shells. The final separation occurred based on the amount 
of the shell length described by the spire or aperture height. R. rapiformis typically 
had a lower spire, and R. bezoar having a higher spire, with R. venosa intermediate 
between them. Figure 17 demonstrates the three distinct morphologies found within 
the genus Rapana.
FIGURE 17: The three presumed species within the genus Rapana. Image A- Aperture of R. 
venosa, image B -  spire of R. venosa, image C -  aperture view of R. bezoar, image D -  spire 
view of R. bezoar, image E -  aperture view of R. rapiformis, image F -  spire view of R. 
rapiformis.
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The differences in shell morphologies between the three Rapana species do 
not necessarily imply that these three groups are distinct species. Genetic studies 
need to be performed to further establish the differences between these forms to 
determine if the Rapana are distinct ecomorphotypes or distinct species. 
Morphometric data has many inherent weaknesses in separating closely related 
species. From these analyses, it appears that bivariate differences were more 
pronounced intraspecifically, whereas multivariate differences were more pronounced 
in the presumed distinct species.
Overall, the large sample sizes and the high precision of the measurement 
techniques strengthened the conclusions of this study. Typical morphometric studies 
use calipers, which have been shown to incorporate human biases into their 
measurements (Ansell 1978). Both the accuracy and the precision of the 
measurements in this study were increased by the use of digital imaging. The prior 
morphometric studies also tended to have low sample sizes. For instance, Gould’s 
(1966) study that combined Poecilozonites cupula and P. dalli into a single species 
only used 12 specimens of P. cupula and 15 specimens of P. dalli. This current study 
used far larger samples sizes, 226 Korean samples, 74 Black Sea samples, and 107 
Chesapeake Bay samples with an additional 68 R. venosa samples from the 
Smithsonian Institution.
Rapana venosa, the Veined Rapa Whelk, has a morphology that varies within 
and between populations. The shell of R. venosa, as a phenotypic trait, is sensitive to 
environmental conditions. Within the genus Rapana there are two additional 
supposed constituent species, R. bezoar and R. rapiformis. This study cannot
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determine if these are indeed distinct species, although, this study has elucidated that 
the form of Rapana found in both the Black Sea and Chesapeake Bay is indeed 
Rapana venosa.
Appendix A
The Graph Menagerie
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The Decoder Ring
The following appendix displays the graphs with comparisons of regression 
slopes found significantly different. The graphs are organized to correspond with the 
divisions in the results section. To ease interpretation the following numbering 
system was established. The first number corresponds with the section of results.
1. Intrapopulational variation
Within this section letters denote the population in 
question
• K -  Korea
• B -  Black Sea
• C -  Chesapeake Bay
2. Interpopulational variation
Within this section, a letter denotes which 
populations were included in the analyses
• k -  Korea, Black Sea, and Chesapeake Bay
• a -  Asia, Black Sea, and Chesapeake Bay
3. Interspecific variation
The second number corresponds with the variables involved in the regression.
1. spire height vs. shell length
2. shell width vs. shell length
3. aperture height vs. shell length
4. aperture width vs. shell length
5. spire slant vs. shell length
6. spire width vs. shell length
7. spire length vs. shell length
8. whorl expansion rate vs. shell length
9. shell mass vs. shell length
As only the analyses with slopes that were found significantly different according to 
Imbrie’s (1956) z-score test, each section is preceded with the table used in the results 
section, with the addition of the identification number for each significant regression.
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The intrapopulational Black Sea section includes insignificant analyses as examples, 
as very few of these analyses were found significantly different. Reduced Major Axis 
is abbreviated as RMA. The regression equations are only valid over the range they 
represent. The extrapolations of the regressions are only to ease comparisons of the 
slopes. As a demonstration, the identification system ‘2a.7’ would correspond to the 
interpopulational analyses of Asia, Black Sea, and Chesapeake Bay specimens for the 
regression comparing spire length and shell length. ‘1B.4’ would be the regression of 
the Black Sea’s intrapopulational variation comparing aperture width and spire width. 
Within this section tables and figures are numbered according to the ID coding 
system.
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TABLE IK: Summary of the results for the intrapopulational variation within the Korean data set. An 
asterisk (*) denotes a relationship found significant at the .05 level, but not at the sequentially adjusted 
Bonferonni level.
Comparison Size fraction Slope z-score
(slope)
Significant
?
Figure ID 
and page
Spire height small+medium 1.063 4.731 Yes 1K.1
Vs medium+large 1.968 1.958
shell length large+small 3.173 3.488 Yes pp. 101
shell width small+medium 1.156 2.083 *
Vs medium+large 1.283 1.274
shell length large+small 1.563 1.873
aperture height small+medium 1.202 3.181 Yes 1K.3
Vs medium+large 1.460 1.055
shell length large+small 1.301 0.653 pp. 101
aperture width small+medium 1.227 2.653 Yes 1K.4
Vs medium+large 1.425 0.846
shell length large+small 1.586 1.926 pp. 102
spire slant small+medium 1.091 3.727 Yes 1K.5
Vs medium+large 1.756 1.449
shell length large+small 2.330 3.157 Yes pp. 102
spire width small+medium 1.084 2.982 Yes 1K.6
Vs medium+large 1.294 1.738
shell length large+small 1.709 2.658 Yes pp. 103
spire length small+medium 1.107 2.764 Yes 1K.7
Vs medium+large 1.312 1.733
shell length large+small 1.790 2.507 Yes pp. 103
whorl expansion rate small+medium 0.422 4.460 Yes 1K.8
Vs medium+large 0.810 2.836 Yes
shell length large+small 1.808 3.961 Yes pp. 104
shell mass small+medium 3.008 2.623 Yes 1K.9
Vs medium+large 3.533 2.288 Yes
shell length large+small 5.186 3.048 Yes pp. 104
101
Intrapopulational Korean spire height a s  a function of shell length
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FIGURE 1K.1: Regression comparing the intrapopulational variation in Korea’s spire 
height allometry. The slopes of the small and medium size fractions are significantly 
different, as are the slopes of the small and large size fractions.
RMA small 
RMA medium 
RMA large
y = 1.063x- 2.011 
y =  1 .9 6 8 x -6.163 
y = 3 .1 7 3 x - 12.06
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FIGURE 1K.3: Regression comparing the intrapopulational variation in Korea’s aperture height 
allometry. The slopes of the small and medium size fractions are significantly different
RMA small
RMA medium
RMA large
y = 1 .156x- 1.495 
y =  1 .460x- 2.648 
y =  1 .3 0 1 x -1.961
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FIGURE 1K.4: Regression comparing the intrapopulational variation in Korea’s aperture width 
allometry. The slopes of the small and medium size fractions are significantly different
RMA small y = 1.227x -  1.961
RMA medium y = 1.425x -  2.843
RMA large y = 1.586x -  3.664
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FIGURE 1K.5: Regression comparing the intrapopulational variation in Korea’s spire slant 
allometry. The slopes of the small and medium size fractions are significantly different, as are 
the slopes of the small and large size fractions.
RMA small y = 1.091x -  1.873
RMA medium y = 1.756x-4.917
RMA large y = 1.586x - 7.784
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Intrapopulational Korean spire width a s  a  function of shell length
6
o  s m a l l  
o  m e d i u m  
a  l a r g e
— - RMA sm all
- - - RMA m edium
RMA large
5
E
E.
£  4 tj
'5(D
•5 . 3wD)0
1  2 3asz
1
0
0 1 2 43 5 6
Natural log sh ell length  (m m )
FIGURE 1K.6: Regression comparing the intrapopulational variation in Korea’s spire width 
allometry. The slopes of the small and medium size fractions are significantly different, as 
are the slopes of the small and large size fractions.
RMA small y = 1.084x -  0.963
RMA medium y = 1.294x -  1.910
RMA large y = 1.709x -  3.931
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FIGURE 1K.7: Regression comparing the intrapopulational variation in Korea’s spire length 
allometry. The slopes of the small and medium size fractions are significantly different, as are 
the slopes of the small and large size fractions.
RMA small y = 1.107x -  0.844
RMA medium y = 1.312x -  1.755
RMA large y = 1.790x -  4.073
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Intrapopulational Korean whorl expansion  rate a s  a function of shell length
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FIGURE 1K.8: Regression comparing the intrapopulational variation in Korea’s whorl 
expansion rate. All of the regression slopes are significantly different from each other
RMA small y = 0.422x -  1.255
RMA medium y = 0.810x -  3.066
RMA large y = 1.808x -  7.914
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FIGURE 1K.9: Regression comparing the intrapopulational variation in Korea’s shell 
mass allometry. All of the regression slopes are significantly different from each other
RMA small
RMA medium
RMA large
y = 3.008x -  9.200 
y =  3 .5 3 3 x - 11.59 
y = 5 .1 8 6 x - 19.44
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TABLE IB: Summary of the results for the intrapopulational variation within the Black Sea data set. 
An asterisk (*) denotes a relationship found significant at the .05 level, but not at the sequentially 
adjusted Bonferonni level.
Comparison size fraction slope Z-score
(slope)
Significant? Figure ID 
and page
Spire height small+medium 2.240 0.749
vs. medium+large 2.724 0.172
shell length large+small 2.586 0.425
shell width small+medium 1.423 1.026
vs. medium+large 1.207 0.062
shell length large+small 1.193 0.956
aperture height small+medium 1.837 0.053
vs. medium+large 1.852 1.593
shell length large+small 1.348 1.632
aperture width small+medium 2.129 1.150 1B.4
vs. medium+large 1.724 1.403
shell length large+small 1.263 2.250 ★ pp. 106
spire slant small+medium 1.673 0.624 1B.5
vs. medium+large 1.942 2.526 Yes
shell length large+small 0.967 1.734 pp. 106
spire width small+medium 1.192 0.593
vs. medium+large 1.307 0.730
shell length large+small 1.127 0.285
spire length small+medium 1.309 0.666 1B.7
vs. medium+large 1.468 0.709
shell length large+small 1.262 0.165 pp. 107
whorl expansion rate small+medium 0.932 0.448
vs. medium+large 1.044 1.857
shell length large+small 2.044 2.046 *
shell mass small+medium 1.707 2.940 Yes 1B.9
vs. medium+large 3.454 0.719
shell length large+small 4.036 2.884 Yes pp. 107
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FIGURE 1B.4: Regression comparing the intrapopulational variation in the Black 
Sea’s aperture width allometry. The slopes of the small and large size fractions are 
significantly different at the 0.05 level (not the sequential Bonferonni adjusted level)
RMA small y = 2.129 x -  5.353
RMA medium y = 1.724x -  3.853
RMA large y = 1.263x -  1.987
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FIGURE 1B.5: Regression comparing the intrapopulational variation in Korea’s spire 
slant allometry. The slopes of the medium and large size fractions are significantly 
different.
RMA small y = 1.673x -  3.986
RMA medium y = 1.942x -  5.197
RMA large y = 0.967x -  1.309
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Intrapopulational Black S e a  spire length a s  a function of shell length
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FIGURE 1B.7: Regression comparing the intrapopulational variation in the Black Sea’s 
spire length allometry. None of the slopes are significantly different.
RMA small 
RMA medium 
RMA large
y = 1 .309x- 1.566 
y =  1 .4 6 8 x -2.265 
y =  1 .2 6 2 x -1.4632
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FIGURE 1B.9: Regression comparing the intrapopulational variation in the Black Sea’s 
shell mass allometry. The slopes of the small and medium size fractions are significantly 
different, as are the slopes of the large and small size fractions.
RMA small y = 1.707x -  3.962
RMA medium y = 3.454x -  10.92
RMA large y = 4.036x -  13.34
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TABLE 1C: Summary of the results for the intrapopulational variation within the Chesapeake Bay 
data set. An asterisk (*) denotes a relationship found significant at the .05 level, but not at the 
sequentially adjusted Bonferonni level.
Regression size fractions slope Z-score
(slope)
Significant? Figure ID 
and page
spire height small+medium 1.653 0.122
vs. medium+large 1.603 1.883
shell length large+small 2.365 1.523
shell width small+medium 1.011 2.162 ★
vs. medium+large 1.275 0.600
shell length large+small 1.209 1.641
aperture height small+medium 1.341 1.309 1C.3
vs. medium+large 1.543 2.770 Yes
shell length large+small 1.195 1.082 pp. 109
aperture width small+medium 1.165 2.243 *
vs. medium+large 1.500 1.708
shell length large+small 1.270 0.827
spire slant small+medium 0.984 1.140 IC.5
vs. medium+large 1.248 1.463
shell length large+small 1.658 2.511 Yes pp. 109
spire width small+medium 0.807 3.247 Yes IC.6
vs. medium+large 1.160 1.156
shell length large+small 1.287 3.903 Yes pp.110
spire length small+medium 1.029 2.819 Yes IC.7
vs. medium+large 1.423 0.036
shell length large+small 1.418 2.789 Yes pp. 110
whorl expansion rate small+medium 0.719 0.314
vs. medium+large 0.780 0.937
shell length large+small 0.952 1.145
shell mass small+medium 2.668 3.511 Yes IC.9
vs. medium+large 4.729 0.939
shell length large+small 4.202 3.042 Yes pp. 111
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FIGURE 1C.3: Regression comparing the intrapopulational variation in the 
Chesapeake Bay’s aperture height allometry. The slopes of the medium and large 
fractions are significantly different
RMA small y = 1.341x -  2.125
RMA medium y = 1.543x -  3.109
RMA large y = 1.195x -  1.522
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FIGURE 1C.5: Regression comparing the intrapopulational variation in the 
Chesapeake Bay’s spire slant allometry. The slopes of the small and large fractions are 
significantly different
RMA small
RMA medium
RMA large
y = 0.984x -  1.367 
y = 1 .2 4 8 x -2.650 
y =  1 .6 5 8 x -4.801
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Intrapopulational C h esapeake Bay spire width a s  a  function of shell length
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FIGURE 1C.6: Regression comparing the intrapopulational variation in the Chesapeake Bay’s 
spire width allometry. The slopes of the small and medium size fractions are significantly 
different, as are the small and large size fractions.
RMA small y = 0.807x -  0.258
RMA medium y = 1.160x -  1.349
RMA large y = 1,287x -  2.009
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FIGURE 1C.7: Regression comparing the intrapopulational variation in the Chesapeake Bay’s 
spire length allometry. The slopes of the small and medium size fractions are significantly 
different, as are the small and large size fractions.
RMA small y = 1.029x -  0.511
RMA medium y = 1.423x -  2.343
RMA large y = 1.418x -  2.394
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Intrapopulational Chesapeake Bay shell mass as a function of shell length
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FIGURE 1C.9: Regression comparing the intrapopulational variation in the Chesapeake Bay’s 
shell mass allometry. The slopes of the small and medium size fractions are significantly 
different, as are the small and large size fractions.
RMA small y = 2.668x -  8.022
RMA medium y = 4.729x -  17.50
RMA large y = 4.202x -  15.16
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TABLE 2k: Comparisons of RMA regressions between the Korean, Black Sea, and Chesapeake Bay 
populations of Rapana venosa. Black are the samples from the Black Sea coast of Northern Turkey, 
and Ches are the Chesapeake Bay samples. Significant differences meet the alpha levels of the 
sequential Bonferonni adjustment.
Comparison Population slope Z-score
(slope)
Significant? ID code and 
page
Spire height Korea+Black 1.055 1.017
vs. Black+ Ches 1.196 1.666
Shell length Ches.+Korea 0.960 1.198
Shell width Korea+Black 1.146 0.659
vs. Black+ Ches 1.176 1.357
Shell length Ches.+Korea 1.114 1.356
Aperture height Korea+Black 1.227 3.507 Yes 2k.3
vs. Black+ Ches 1.440 4.675 Yes
Shell length Ches.+Korea 1.154 2.459 Yes pp. 113
Aperture width Korea+Black 1.240 3.590 Yes 2k.4
vs. Black+ Ches 1.483 3.863 Yes
Shell length Ches.+Korea 1.221 0.691 pp. 113
Spire slant Korea+Black 1.075 0.083 2k.5
vs. Black+ Ches 1.083 1.808
Shell length Ches.+Korea 0.918 2.597 Yes pp. 114
Spire width Korea+Black 1.078 1.189
vs. Black+ Ches 1.021 0.322
Shell length Ches.+Korea 1.036 1.604
Spire length Korea+Black 1.122 0.680
vs. Black+ Ches 1.086 1.142
Shell length Ches.+Korea 1.147 0.847
Whorl expansion rate Korea+Black 0.378 2.608 Yes 2k.8
vs Black+ Ches 0.555 3.703 Yes
Shell length Ches.+Korea 0.299 2.159 Yes pp. 114
Shell mass Korea+Black 3.052 1.831 2k.9
vs. Black+ Ches 2.753 4.757 Yes
Shell length Ches.+Korea 3.590 5.291 Yes pp. 115
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FIGURE 2k.3: Regression comparing the interpopulational variation in aperture height 
allometry. All of the regressions are significantly different.
RMA Korea y = 1.227x -  1.606
RMA Black Sea y = 1.440x -  2.336
RMA Chesapeake Bay y = 1.154x -  1.306
Interpopulational aperture width a s  a  function  of sh ell length
6
o  K orea  
o  B lack  S e a  
a  C h e s a p e a k e  
- - • RMA K orea  
-■ - RMA B lack  S e a  
RMA C h e s a p e a k e
sz
2
23
05
0
2 3 60 1 4 5
Natural log  sh e ll len gth  (m m )
FIGURE 2k.4: Regression comparing the interpopulational variation in aperture width 
allometry. The slopes of the regressions for the Black Sea and Korea are significantly 
different as are the Black Sea and the Chesapeake Bay.
RMA Korea y = 1,240x -  2.021
RMA Black Sea y = 1.483x -  2.892
RMA Chesapeake Bay y = 1.221x -  1.957
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Interpopulational spire slant a s  a function of shell length
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Figure 2k.5: Regression comparing the interpopulational variation in spire slant allometry. 
The slopes of the regressions for the Korea and the Chesapeake Bay are significantly different.
RMA Korea 
RMA Black Sea 
RMA Chesapeake Bay
y =  1 .0 7 5 x - 1.860 
y =  1 .083x- 1.771 
y = 0 .9 1 8 x - 1.105
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FIGURE 2k.8: Regression comparing the interpopulational variation in whorl 
expansion rate. All of the regression slopes are significantly different.
-
o Korea 
o  Black S e a  
a  C h esa p ea k e  
— - RMA Korea 
“ ~ “ RMA Black S e a  
RMA C h esa p ea k e
/
o S
A '
------------------ ,----------------- ,--------------------- 2 ------------------- ,-----------------,-----------------
RMA Korea y = 0.378x -  1.130
RMA Black Sea y = 0.555x -  1.649
RMA Chesapeake Bay y = 0.299x -  0.850
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Interpopulational shell m a ss  a s  a  function of shell length
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FIGURE 2k.9: Regression comparing the interpopulational variation in shell mass 
allometry. The slopes of the regressions for the Black Sea and Korea are significantly 
different as are the Black Sea and the Chesapeake Bay.
o  Korea 
o  Black S e a  
a  C h esa p e a k e  
-  ■ -RMA Korea 
RMA Black S e a  
RMA C h esa p e a k e
RMA Korea y = 3.052x -  9.426
RMA Black Sea y = 2.753x -  8.068
RMA Chesapeake Bay y = 3.590x -  12.11
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TABLE 2a: Comparisons of reduced major axis regressions between the Asian, Black Sea, and 
Chesapeake Bay populations of Rapana venosa. An asterisk (*) represents a difference significant at 
the .05 level, but not at the adjusted sequential Bonferonni level
Comparison population slope Z-score
(slope)
Significant? ID Code and 
page
Spire height Asia+Black 0.865 2.524 Yes 2a. 1
vs. Black+ Ches 1.196 1.666
shell length Asia+Ches 0.960 1.436 pp. 117
shell width Asia+Black 1.085 2.085 *
vs. Black+ Ches 1.176 1.357
shell length Asia+Ches 1.114 1.496
aperture height Asia+Black 1.161 4.773 Yes 2a.3
vs. Black+ Ches 1.440 4.675 Yes
shell length Asia+Ches 1.154 0.272 pp. 117
aperture width Asia+Black 1.229 3.864 Yes 2a.4
vs. Black+ Ches 1.483 3.863 Yes
shell length Asia+Ches 1.221 0.354 pp. 118
spire slant Asia+Black 0.926 1.827
vs. Black+ Ches 1.083 1.808
shell length Asia+Ches 0.918 0.195
spire width Asia+Black 1.054 0.733
vs. Black+ Ches 1.021 0.322
shell length Asia+Ches 1.036 0.861
spire length Asia+Black 1.072 0.282 2a.7
vs. Black+ Ches 1.086 1.142
shell length Asia+Ches 1.147 3.125 Yes pp. 118
Whorl expansion rate Asia+Black 0.258 4.561 Yes 2a.8
vs Black+ Ches 0.555 3.703 Yes
shell length Asia+Ches 0.299 1.274 pp. 119
shell mass Asia+Black 2.859 0.672 2a.9
vs. Black+ Ches 2.753 4.757 Yes
shell length Asia+Ches 3.590 7.876 Yes pp. 119
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FIGURE 2a.l: Regression comparing the interpopulational variation in spire height allometry. 
The slopes of the regressions for the Black Sea and Asia are significantly different.
RMA Asia 
RMA Black Sea 
RMA Chesapeake Bay
y = 0 .8 6 5 x - 1.216 
y = 1 .196x- 2.624 
y = 0 .9 6 0 x - 1.706
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FIGURE 2a.3: Regression comparing the interpopulational variation in aperture height 
allometry. The slopes of the regressions for the Black Sea and Asia are significantly 
different, as are the Black Sea and Chesapeake Bay.
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RMA Asia y = 1.161x -  1.318
RMA Black Sea y = 1,440x -  2.336
RMA Chesapeake Bay y = 1.154x -  1.306
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FIGURE 2a.4: Regression comparing the interpopulational variation in aperture width 
allometry. The slopes of the regressions for the Black Sea and Asia are significantly different, 
as are the Black Sea and Chesapeake Bay.
RMA Asia y = 1.229x -  1.976
RMA Black Sea y = 1,483x -  2.892
RMA Chesapeake Bay y = 1.221x -  1.957
Interpopulational spire length as a function of shell length
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Figure 2a.7: Regression comparing the interpopulational variation in spire length allometry. 
The slopes of the regressions for Asia and the Chesapeake Bay are significantly different.
RMA Asia y = 1.072x -  0.684
RMA Black Sea y = 1.086x -  0.734
RMA Chesapeake Bay y = 1.147x -  1.047
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Interpopulational whorl expansion rate as a function of shell length
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FIGURE 2a.8: Regression comparing the interpopulational variation in whorl expansion 
rate. The slopes of the regressions for the Black Sea and Asia are significantly different, as 
are the Black Sea and Chesapeake Bay.
RMA Asia 
RMA Black Sea 
RMA Chesapeake Bay
y = 0 .2 5 8 x -0.571 
y = 0 .5 5 5 x - 1.649 
y = 0 .2 9 9 x -0.850
Interpopulational shell mass as a function of shell length
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FIGURE 2a.9: Regression comparing the interpopulational variation in shell mass allometry. 
The slopes of the regressions for the Chesapeake Bay and Asia are significantly different, as are 
the Chesapeake Bay and Black Sea.
RMA Asia 
RMA Black Sea 
RMA Chesapeake Bay
y = 2 .859x-8.534
y = 2.753x -  8.068
y = 3.590x- 12.11
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TABLE 3: Comparisons of reduced major axis regressions between the Asian, Black Sea, and 
Chesapeake Bay populations of Rapana venosa. An asterisk (*) represents a difference significant at 
the .05 level, but not at the adjusted sequential Bonferonni level __________' ____________
Comparison Species of Rapana slope Z-score
(slope)
Significant? ID code and 
page
Spire height venosa+bezoar 0.864 0.390
vs. bezoar+rapiformis 0.817 1.294
shell length venosa+rapiformis 1.054 1.330
shell width venosa+bezoar 1.084 3.988 Yes 3.2
vs. bezoar+rapiformis 0.956 2.733 Yes
shell length venosa+rapiformis 1.076 0.213 pp. 121
aperture height venosa+bezoar 1.161 0.506
vs. bezoar+rapiformis 1.126 0.026
shell length venosa+rapiformis 1.128 0.861
aperture width venosa+bezoar 1.229 1.521 3.4
vs. bezoar+rapiformis 1.154 0.821
shell length venosa+rapiformis 1.103 3.117 Yes pp. 121
spire slant venosa+bezoar 0.928 1.654 3.5
vs. bezoar+rapiformis 0.829 2.550 Yes
shell length venosa+rapiformis 1.018 1.661 pp. 122
spire width venosa+bezoar 1.054 1.216
vs. bezoar+rapiformis 0.968 1.843
shell length venosa+rapiformis 1.114 1.530
spire length venosa+bezoar 1.070 1.919
vs. bezoar+rapiformis 0.951 2.375 *
shell length venosa+rapiformis 1.129 1.308
Whorl expansion rate venosa+bezoar 0.258 0.939
vs. bezoar+rapiformis 0.326 1.362
shell length venosa+rapiformis 0.216 1.020
shell mass venosa+bezoar 2.859 0.797
vs. bezoar+rapiformis 3.038 0.838
shell length venosa+rapiformis 3.306 1.922
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Interspecies shell width as a function of shell length
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FIGURE 3.2: Regression comparing the interspecific variation in shell width allometry. 
The slopes of the regressions for the R. bezoar and R. venosa are significantly different, 
as are R. bezoar and R. rapiformis.
RMA R. venosa y = 1.084x -  0.684
RMA R. bezoar y = 0.956x -  0.061
RMA R. rapiformis y = 1.076x -  0.514
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FIGURE 3.4: Regression comparing the interspecific variation in aperture width allometry. 
The slopes of the regressions of R. venosa and R. rapiformis are significantly different.
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Interspecific spire slant as a function of shell length
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FIGURE 3.5: Regression comparing the interspecific variation in spire slant allometry. The slopes 
of the regressions of R. bezoar and R. rapiformis are significantly different.
RMA R. venosa y = 0.928x -1 .181
RMA R. bezoar y = 0.829x -  0.587
RMA R. rapiformis y = 1.018x -  1.466
o R. venosa 
o R. bezoar 
a R. rapiformis 
— - RMA venosa 
■ “ RMA bezoar 
RMA rapiformis
Appendix B
Methods of reducing the population of Rapana venosa in the Chesapeake Bay, VA,
U.S.A
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Rapa Whelk with Linguini
Ingredients:
4 tablespoons olive oil 
4 Rapana - very thinly sliced 
4 cloves of garlic 
4 tablespoons chopped parsley 
dry white wine 
crushed red pepper to taste 
salt and pepper 
1/2 lb. linguini, pre-cooked
Cooking directions:
1 . In a thick-bottomed saute pan, heat olive oil (do not burn).
2. Add garlic, red pepper and Rapa Whelk. Saute briskly for 3 to 4 minutes.
3. De-glaze with dry white wine. Add parsley. As wine is reducing, add pasta and 
stir vigorously
Makes four servings
Recipe created by Chef Meredith Nichols Jr. of Cafe Russo, Norfolk, VA
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Steamed Rapa Whelk
Ingredients
6 Rapa whelks 
1 egg
Vi bundle parsley 
1 red hot pepper 
sesame oil 
salt
3 boiled ears of corn 
stone mushrooms
1 . Clean and steam Rapana venosa in a steamer
2. Separate the egg. Beat and then fry the yolk and the white separately to form 
sheets and cut them into thin strips.
3. Remove the seeds from the red pepper and cut it into short, thin strips. Finely 
chop the parsley.
4. Soak the stone mushrooms in water and cut them into thin strips.
5. Take the meet out of the boiled Rapa whelks and remove the entrails. Slice thinly 
and mix with the salt and sesame oil.
6. Fill the shells with the seasoned Rapa whelk meat and garnish with the egg and 
vegetable strips.
7. Cut the corn from the cobs and put on bottom of the serving platter. Place the 
whelks on top of corn (balance them with the spire down and the aperture 
pointing up). Garnish with the parsley.
Recipe from:
Noh, Chin-wha. 1985. Practical Korean Cooking. Hollym, Elizabeth, NJ. 214 pps.
126
Mi Je’s Sora recipe
Ingredients
8 Rapa whelks 
4 green onions 
1 large cucumber
1 Tbs soy sauce
2 cloves garlic
2 Tbs red pepper powder 
2 Tbs brown rice vinegar 
1 Tbs sugar
1 . Boil whelks and remove from shells. Slice whelks into chunks and sprinkle with 
a little salt.
2. Slice onion and cucumber. Sprinkle with salt and allow them to sit.
3. Mix soy sauce, garlic, red pepper, brown rice vinegar, and sugar.
4. Mix whelks, vegetables, and sauce together
5. Serve on a bed of Asian noodles
Recipe demonstrated to me by Mi, Dr. Je Jong-Geel’s wife.
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